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SUMMARY 

Porous  anodes and ca thodes  u t i l i z i n g  porous Te f lon  vapor  d i f f u s i o n  
b a r r i e r s  were demons t r a t ed .  The1 hydrophobic porous  Te f lon  membrane, 
i n  c o n t a c t  w i th  t h e  f u e l  or ox idan t ,  p reven ted  w e t t i n g  of t h e  
e l e c t r o d e  f rom t h e  r e a c t a n t  s t o r a g e  s i d e .  Reac tan t  vapor  passed  
th rough  t h e  porous  Te f lon  membrane and i n t o  t h e  c a t a l y z e d  p o r o u s  
conduc to r  e l e c t r o d e  where i t  was a n o d i c a l l y  o x i d i z e d  or c a t h o d i c a l l y  
reduced .  The Te f lon  b a r r i e r  was designed to s e p a r a t e  t h e  e l e c t r o l y t e  
f r o m  t h e  concen t r a t ed  r e a c t a n t s ,  a l lowing  t h e  t r a n s p o r t  of o n l y  
r e a c t a n t  vapor  to t h e  e l e c t r o d e - e l e c t r o l y t e - c a t a l y s t  i n t e r f a c e .  The 
l i m i t i n g  c e l l  c u r r e n t  was c o n t r o l l e d  by t h e  vapor  p r e s s u r e  o f  t h e  
r e a c t a n t ,  t h e  p a r o s i t y  and t h i c k n e s s  o f  t h e  Te f lon  barrier,  and t h e  
Te f lon  bonding p rocedure .  L imi t ing  c u r r e n t s  o f  100 ma/cm2 were 
ob ta ined  c o n s i s t e n t l y  with 15 m i l  th ick ,  19 p o r e  s i z e  Te f loh  s h e e t ,  

The bond ing 'o f  porous  Te f lon  s h e e t s  to porous  carbon e l e c t r o d e s  
a t  350°C reduced t h e  d i f f u s i o n  r a t e  o f  HN03 a t  90°C by a f a c t o r  of 
20 f o r  19 p pore  s i z e  and 25 m i l  t h i c k  Te f lon  s h e e t ,  

The u t i l i z a t i o n  of  f low- through e l e c t r o d e s  i n  an  o p e r a t i n g  f u e l  c e l l  
us ing  s o l u b l e  f u e l s  and o x i d a n t s  r e q u i r e s  tha t  t h e  c e l l  o p e r a t e  w i th  
r e a s o n a b l e  con tamina t ion  l e v e l s  o f  f u e l  and ox idan t  i n  t h e  e l e c t r o l y t e ,  
A N2H4 anode, f o r  i n s t a n c e ,  must  not be  a d v e m e l y  a f f e c t e d  by c o n t a c t  
w i t h  small c o n c e n t r a t i o n s  of a n  ox id iz ing  agen t ,  and a HN03 ca thode  
s h o u l d  be s t a b l e  i n  c o n t a c t  wi th  s m a l l  c o n c e n t r a t i o n s  o f  hydraz ine  
t h a t  have leaked  th rough  t h e  anode wi thout  r e a c t i n g .  Pure carbon 
ca thodes  were found to be  s e l e c t i v e  i n  5 M  H3P04 a t  90°C f o r  t h e  
c a t h o d i c  r e d u c t i o n  of HN03 i n  t h e  presence  of O . 5 M  N 2 H 4  and P t -  
c o n t a i n i n g  anodes were s e l e c t i v e  f o r  t h e  o x i d a t i o n  of N 2 H 4  i n  t h e  
p re sence  of  1 M  "Os. D e t e r i o r a t i o n  of performance f o r  t h e s e  contamina-  
t i o n  l e v e l s  a r e  0.15 V and 0.20 V a t  100 ma/cm2 f o r  HNO3 and N2H4 
e l e c t r o d e s ,  r e s p e c t i v e l y .  E l e c t r o p l a t e d  P t  showed b e t t e r  a c t i v i t y  than  
chemica l ly  reduced P t  on FC-13 carbon s t t b s t r a t e .  

D i f f u s i o n  e l e c t r o d e s  p repa red  by bonding 6 mg/cm2 of Te f lon  powder 
t o  FC-14 carbon al lowed a HN03 d i f f u s i o n  r a t e  s u f f i c i e n t  t o  s u p p o r t  
100'to 200 ma/cm2 a t  0.90 to 0.95 V v s .  SHE. The s t e a d y  s t a t e  
con tamina t ion  l e v e l  of HN03 i n  t h e  e l e c t r o l y t e  wi th  t h i s  ca thode  was 
o n l y  0.04M HN03.  

F u l l  c e l l s  w i th  9 - in .2  e l ecb rodes  and c a t i o n  exchange membranes have 
been e v a l u a t e d  f o r  t h e  system HN03/N2H4 i n  KOH. Apprec iab le  e l e c t r i c a l  
o u t p u t  was ob ta ined ,  b u t  l i f e  was l imi t ed  by HNO3 a t t a c k  on t h e  membranes. 

L i f e  o f  c a t i o n  exchange membranes was extended from about  8 h o u r s  to 
a t  l e a s t  70  h o u r s  by use of a porous b u f f e r  l a y e r  c o n t a i n i n g  n e u t r a l i z a -  
t i o n  by -p roduc t s  between t h e  HN03 cathode and t h e  membrane. A c u r r e n t  
d e n s i t y  o f  70 ma/cm2 was produced a t  1.1 V and 70°C. 
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k zirconium phosphate  i o n  exchange s e p a r a t o r  was f a b r i c a t e d  and 
t e s t e d  i n  an ac id /base  f u e l  c e l l .  

Cons t ruc t ion  of an  expe r imen ta l  c a t a l y t i c  r e fo rmer  f o r  t h e  decomposi- 
t i o n  of  monomethyl hydraz ine  (MMH) was s t a r t e d .  The d e s i g n  of t h e  
r e fo rmer  e s s e n t i a l l y  fol lowed that  g iven  i n  t h e  p r o j e c t  p r o p o s a l  of  
10 February  1964. 
MMH r e a c t i o n s  was unde r t aken .  

A l i t e r a t u r e  s t u d y  of  hydraz ine  decomposi t ion and 

The e f f e c t  of a t h i r d  e lement  e i t h e r  as an  a l l o y i n g  s p e c i e s  or as a 
s u r f a c e  oxide on t h e  ekec t rode  performance of t he  Pd-25$ Ag d i f f u s i o n  
e l e c t r o d e  was s t u d i e d .  The s t u d y  was used  mainly f o r  s c r e e n i n g  
pu rposes  t o  de t e rmine  t h e  most a c t i v e  c a t a l y s t s  f o r  t h e  hydrogen 
d i f f u s i o n  e l e c t r o d e .  The data  a l s o  sugges ted  a c o r r e l a t i o n  of t he  
c a t a l y t i c  a c t i v i t y  of t h e s e  meta l  ox ides  wi th  t he  p e r i o d i c i t y  of  t h e  
e l emen t s .  S e l e c t e d  a c t i v a t e d  e l e c t r o d e s  were tes ted  as anodes under  
s e v e r e  p o l a r i z a t i o n  f o r  p e r i o d s  of up to two weeks. 

The bes t  Pd-Ag e l e c t r o d e s  were p repa red  by annea l ing  them a t  850"c 
i n  a n  a rgon  atmosphere,  p l a t i n g  wi th  R h  b l ack ,  o x i d i z i n g  i n  p u r e  O2 
g a s  a t  850"C, and subsequen t ly  o x i d i z i n g  a t  700°C. These e l e c t r o d e s  
c a r r i e d  250 ma/cm2 a t  a s t e a d y  o v e r p o t e n t i a l  o f a b o u t  0.50 v vs  
HE f o r  two weeks. 

The optimum c o n d i t i o n s  f o r  R h  b l a c k  p l a t i n g  was 1 to 4 mg/cm2 from 
0.01M RhC13  o f  pH 1 a t  a c a t h o d i c  c u r r e n t  d e n s i t y  of  a b o u t  125 ma/cm2. 

P a l l a d i u m  hydrogen d i f f u s i o n  e l e c t r o d e s  t ha t  were ox id ized  i n  p u r e  
oxygen showed b e t t e r  anod ic  a c t i v i t y  f o r  hydrogen o x i d a t i o n  t h a n  t h o s e  
t r e a t e d  i n  a i r ,  perhaps  because of an  i n c r e a s e  i n  c a t i o n  vacancy s i t e s  
and t h e  q u a n t i t y  of rhodium o x i d e .  However, o x i d a t i o n  i n  a n  atmos- 
p h e r e  con ta in ing  SO2 g a s  or i n  pu re  SO2 poisoned t h e  e l e c t r o d e s  
d e s p i t e  t he  assumption t h a t  SO2 a d d i t i o n  might i n c r e a s e  t h e  number of  
c a t i o n  vacanc ie s .  

Tes ts  on Pd-25$ Ag f o i l  a l l o y e d  w i t h  10% P t  showed almost  i d e n t i c a l  
p r o p e r t i e s  as a hydrogen d i f f u s i o n  anode as Pd-25$ Ag f o i l .  
t h i s  t e r n a r y  a l l o y  has b e t t e r  r e s i s t a n c e  than  t h e  Pd-25$ Ag f o i l  to 
a t t a c k  by o x i d i z i n g  a c i d s  such  as "Os, t he  u s e  of t h e  Pd-Ag-Pt a l l o y  
should be considered f o r  systems t h a t  use  s t r o n g l y  o x i d i z i n g  a c i d s  as  
ca thode  r e a c t a n t s .  

S i n c e  
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I .  INTRODUCTION 

The o b j e c t i v e  of t h i s  program i s  to develop a f u e l  c e l l  o p e r a t i n g  
on s t o r a b l e  r e a c t a n t s  and to d e s i g n  a f u e l  c e l l  t h a t  w i l l  o p e r a t e  r e l -  
a t i v e l y  e f f i c i e n t l y  on a v a r i e t y  of f u e l s  and o x i d a n t s .  

The l as t  q u a r t e r l y  r e p o r t  desc r ibed  i n i t i a l  d e s i g n s  of 3 by 3 i n .  
f u l l  c e l l s  with n i c k e l  p l aque  cathodes and hydrogen d i f f u s i o n  anodes .  
Another f u l l  c e l l  wi th  a porous Teflon hydraz ine  ca thode  and a n  
oxygen or hydrogen pe rox ide  ca thode  was c o n s t r u c t e d  and t e s t e d .  
Although good c u r r e n t  d e n s i t i e s  (100 ma/cm2) and r e a s o n a b l e  v o l t a g e s  
were a t t a i n e d  f o r  s h o r t - t e r m  t e s t i n g ,  t h e  e l e c t r o d e s  f a i l e d  a f t e r  
s e v e r a l  h o u r s '  d i s c h a r g e .  S o l i d  Pd hydrogen d i f f u s i o n  e l e c t r o d e s  were 
demonst ra ted  f o r  t h e  use  of 85$ N 2 H * * H 2 0  a s  t h e  f u e l  with 5M H2S04 
e l e c t r o l y t e ,  Reproducib le  anodic  p o l a r i z a t i o n  cu rves  f o r  Pd-25$ Ag 
hydrogen d i f f u s i o n  e l e c t r o d e s  were obta ined  on ly  a f t e r  c o n t r o l l e d  
o x i d a t i o n  of t h e  s u r f a c e  of t h e  f o i l .  

The Pd-25$ Ag e l e c t r o d e  was a c t i v a t e d  by o x i d a t i o n ,  and t h e  a c t i v a t i o n  
was f u r t h e r  i n c r e a s e d  by rhodium black  p l a t i n g  b e f o r e  o x i d a t i o n ,  The 
c a t a l y t i c  a c t i o n  produced by ox ida t ion  was a t t r i b u t e d  to t h e  t h i n  oxide  
f i l m ,  which i s  a p - type  semiconductor ( c a t i o n  vacancy t y p e ) .  Hea t ing  
f o i l s  i n  a hydrogen atmosphere degraded t h e  e l e c t r o d e s  by r educ ing  
t h e  PdO c a t a l y t i c  f i l m ,  

The use of  a s o l i d  Pd membrane a s  a hydrogen d i f f u s i o n  anode wi th  
hydraz ine  as a f u e l  was demonstrated i n  anhydrous HF s o l u t i o n  (KF03HF) 
a t  8 5 " ~ .  
e l e c t r o d e  i n  anhydrous HF. 

Porous N i  p l aque  was a l s o  demonstrated as a f low- through 

During t h i s  q u a r t e r ,  development cont inued on t h e  porous Te f lon  
vapor  d i f f u s i o n  e l e c t r o d e .  L i m i t i n g  d i f f u s i o n  r a t e s  of r e a c t a n t s  
t h rough  t h e  e l e c t r o d e  were eva lua ted ,  and t h e  s t e a d y  s t a t e  contamina- 
t i o n  l e v e l  of r e a c t a n t  i n  t h e  e l e c t r o l y t e  was de t e rmined .  S e l e c t i v e  
c a t a l y s t s  f o r  b o t h  t h e  c a t h o d i c  r e d u c t i o n  of HN03 and t h e  anod ic  
o x i d a t i o n  of N2H4 were s e l e c t e d .  S e v e r a l  f u l l  c e l l  systems were b u i l t  
and t e s t e d .  A monomethylhydrazine c a t a l y t i c  r e fo rmer  was c o n s t r u c t e d .  

S t u d i e s  o f  Pd s o l i d  d i f f u s i o n  e l e c t r o d e s  p r e s e n t e d  i n  t h i s  r e p o r t  
i n c l u d e  t h e  e f f e c t  of  a d d i t i o n a l  a l l o y i n g  e lements  on a c t i v a t i o n  o f  
t h e  Pd-Ag sys tem f o r  use a s  a hydrogen anode.  Me ta l log raph ic  and 
e l e c t r o n  microprobe a n a l y s e s  on t h e  c r o s s  s e c t i o n s  of  t h e s e  f o i l s  
were made to de te rmine  t h e  s t r u c t u r e  of t h e  e l e c t r o d e s ,  p a r t i c u l a r l y  
of t h e  d i f f u s i o n  l a y e r .  The Pt-Pd-Ag a l l o y 7 w a s  e v a l u a t e d  as a hydrogen 
d i f f u s i o n  anode, and s e v e r a l  p rocedures  f o r  a c t i v a t i n g  e l e c t r o d e s  by 
a l l o y i n g  and o x i d a t i o n  were dev i sed .  Data r e l a t i n g  a l l o y i n g  e lements  
to e l e c t r o d e  a c t i v a t i o n  were arranged accord ing  to t h e  p e r i o d i c i t y  of 
t h e  a l l o y i n g  e lements  to de te rmine  i f  g e n e r a l  p e r i o d i c  t r e n d s  could be 
uncovered .  

1 
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11. POROUS TEFLON VAPOR DIFFUSION - ELECTRODES 

A .  BACKGROUND 

The o v e r a l l  o b j e c t i v e  of  t h i s  phase  i s  t o  deve lop  anode and ca thode  
h a l f  c e l l s  t h a t  have t h e  p h y s i c a l ,  chemical ,  and e l e c t r o c h e m i c a l  
a t t r i b u t e s  t o  a l low d i r e c t  s ca l e -up  for u s e  i n  3 by 3 i n .  f u l l  c e l l s  
w i t h  a c i d  e l e c t r o l y t e .  Both  H N 0 3  and N 2 0 4  a re  o x i d i z e r  c a n d i d a t e s ;  
N 2 H 4  i s  t h e  f u e l .  T h i s  o b j e c t i v e  r e q u i r e s  b o t h  b a s i c  e lec t rochem-  
i c a l  s t u d i e s  and t h e  c o n s t r u c t i o n  and t e s t i n g  of f u l l  c e l l s .  Ac- 
c o r d i n g l y ,  cathode development h a s  r e q u i r e d  a s t u d y  of  porous  
Te f lon  d i ' f fus ion  c o n t r o l  v a r i a b l e s .  S i n c e  w e  have p r e v i o u s l y  found 
t h a t  a s u i t a b l e  c a t a l y s t  f o r  HNO3 r e d u c t i o n  i s  carbon*, f u r t h e r  i n -  
v e s t i g a t i o n s  are o r i e n t e d  toward t e s t i n g  t y p e s  o f  c o n s t r u c t i o n  t h a t  
w i l l  be  u s a b l e  i n  a 3 by 3 i n .  c e l l  and de te rmin ing  t h e  maximum 
contaminat ion  l e v e l s  t h a t  t he  e l e c t r o d e s  can  t o l e r a t e .  

Anode development h a s  been concerned w i t h  f i n d i n g  a s u i t a b l e  c a t a -  
l y s t  f o r  t h e  anodic  o x i d a t i o n  of  N 2 H 4 ,  p a r t i c u l a r l y  i n  t he  p r e s e n c e  
of  contaminant "03 from ca thode  l e a k a g e .  Semi - se l ec t ive  p l a t inum 
e l e c t r o d e s  f o r  N 2 H 4  o x i d a t i o n  i n  t h e  p resence  of a p p r e c i a b l e  con- 
c e n t r a t i o n s  o f  HNO3 a re  a l s o  d e s i r e d .  

The p r i n c i p a l  o p e r a t i n g  advantages  of t h e  vapor  d i f f u s i o n  e l e c t r o d e  
are : 

(1) S to rage  of  c o n c e n t r a t e d  l i q u i d  r e a c t a n t s  i n  a back-s ide  
c o n t a i n e r  a d j a c e n t  t o  a non-wettable  Te f lon  b a r r i e r .  

( 2 )  Di f fus ion  of  vapor  from t h i s  c o n c e n t r a t e d  source  th rough  
the porous Te f lon  b a r r i e r  t o  t h e  c a t a l y s t  a r ea .  The d i f -  
f u s i o n  r a t e  may be r e g u l a t e d  by the  vapor  p r e s s u r e  of t h e  
Concentrated s o u r c e  or t he  t h i c k n e s s  of t h e  porous  b a r r i e r .  

(3 )  Tolerance of  s i g n i f i c a n t  contaminat ion  o f  f u e l  ( o r  o x i d a n t )  
by  a s e m i - s e l e c t i v e  ca thode  (or anode)  c a t a l y s t ,  wh i l e  
l i m i t i n g  t h e  contaminat ion  o f  e l e c t r o l y t e  by b o t h  r e a c t a n t s  
t o  a t o l e r a b l e  c o n c e n t r a t i o n .  

(4) Use of t h i s  development w i t h  o t h e r  f u e l  and o x i d a n t  g a s e s  
o r  l i q u i d  systems t h a t  do n o t  w e t  t he  T e f l o n  porous  f i l m .  

* FC-13 or FC-14, Pure  Carbon Company, S t .  Marys, Pennsy lvan ia .  
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B. CATHODE DEVELOPMENT 

1. Cathodes U t i l i z i n g  Porous Teflon D i f f u s i o n  Barr ie rs  

a. Types of C o n s t r u c t i o n  

(1) Carbon-Teflon Powder Mixture  P r e s s e d  i n t o  Porous 
Te f lon  Sheet 

The e l e c t r o d e  s t r u c t u r e  c o n s i s t e d  of a t a n t a l u m  r i n g  h o l d e r ,  a 
porous  T e f l o n  c o n t r o l l i n g  shee t ,  and t h e  p r e s s e d  powder m i x t u r e  
of  carbon and Te f lon  powder w i t h  a t a n t a l u m  screen c u r r e n t  c o l -  
l e c t o r  (see r e f e r e n c e  1 f o r  g e n e r a l  p r e p a r a t i o n  d e t a i l s ) .  

V a r i a t i o n  of A c t i v i t y  w i t h  Te f lon  Loading 

The most s i g n i f i c a n t  t r e n d  noted i n  t he  carbon-Teflon powder e lec-  
t r o d e s  i s  t h e  v a r i a t i o n  of p o l a r i z a t i o n  c h a r a c t e r i s t i c s  w i t h  Tef lon  
l o a d i n g .  
N204 (1 atm) w i t h  Tef lon  load ings  from 0 t o  50 mg/cm2 are  shown i n  
F i g u r e  1. The lower Te f lon  load ings  r e s u l t e d  i n  b e t t e r  e l e c t r o -  
chemical  performance.  

Voltammetric cu rves  f o r  the  r e d u c t i o n  of  70$ " 0 3  and 

I ( b )  R e s i s t a n c e  and R e p r o d u c i b i l i t y  of  E l e c t r o d e  
I 

The carbon-Teflon powder e l e c t r o d e s  have been- p lagued  by b o t h  
e r r a t i c  and high i n t e r n a l  e l e c t r o d e  r e s i s t a n c e  and t h e  d i f f i c u l t y  
of p r e v e n t i n g  g r o s s  leakage o f  ox idant  around t h e  edges of t h e  
e l e c t r o d e .  The e r r a t i c  r e s i s t a n c e  was. a t t r i b u t e d  t o  t h e  t a n -  
ta lum screen c u r r e n t  c o l l e c t o r .  Some a t t e m p t s  were made t o  e l im- 
i n a t e  t h i s  sou rce  of r e s i s t ance  by s u b s t i t u t i n g  g o l d  p l a t e d  screens.  
T h i s  proved f u t i l e  because of a permanent h igh  r e s i s t a n c e  of t h e  
Tef lon-carbon m i x t u r e .  

A t  v e r y  low Teflon l o a d i n g s ,  lower r e s i s t a n c e s  cou ld  be r e a l i z e d  
i n  most c a s e s .  However, t h e  p h y s i c a l  s t a b i l i t y  of  t h e  e l e c t r o d e s  
was poor  a t  low Tef lon  load ings .  

( c )  Conclus ions  

A l t e r n a t e  t y p e s  of c o n s t r u c t i o n  were i n d i c a t e d  because  of t h e  re- 
s i s t a n c e  and r e p r o d u c i b i l i t y  d i f f i c u l t i e s  ment ioned above. 

( 2 )  S o l i d  Carbon I n s e r t  i n  Tantalum Holder  

T h i s  t y p e  of c o n s t r u c t i o n  u t i l i z e d  a carbon c i r c l e  s l i g h t l y  smaller  
t h a n  the  opening of a s t a n d a r d  t an ta lum h o l d e r .  
i n c l u d i n g  t an ta lum mesh t o  g i v e  a t i g h t  f i t  between t h e  h o l d e r  and 
t h e  ca rbon ,  was p r e s s e d  a t  350°C t o  bond t h e  Te f lon  d i f f u s i o n  b a r -  
r i e r  t o  t h e  carbon.  E r r a t i c  e l e c t r o d e  r e s i s t a n c e s  were p r e s e n t ,  
presumably because  of a non-reproducib le  c o n t a c t  between h o l d e r ,  

The t o t a l  assembly, 
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mesh, and carbon.  When s u f f i c i e n t  p r e s s u r e  was used  t o  i n s u r e  
good c o n t a c t ,  mechanica l  f a i l u r e  of  bo th  carbon and Te f lon  ba r r i e r s  
r e s u l t e d  i n  g r o s s  l eakage  through t h e  e l e c t r o d e .  

When c o n s t r u c t i o n  c o n d i t i o n s  were we l l  c o n t r o l l e d ,  the  performance 
of  t h e  s o l i d  carbon i n s e r t  e l e c t r o d e  was q u i t e  good. P o l a r i z a t i o n  
c u r v e s  f o r  FC-13 and FC-14 carbons  w i t h  7 6  "03 and N 2 0 4  (1 atm) 
i n  5M H2S04 e l e c t r o l y t e  are shown i n  F i g u r e  2. The p o l a r i z a t i o n  
i s  n e a r l y  a l l  I R  d rop  up t o  a c u r r e n t  d e n s i t y  o f  l 5 O  ma/cm2 where 
c o n c e n t r a t i o n  p o l a r i z a t i o n  begins  t o  l i m i t  t h e  e l e c t r o d e  perform- 
ance .  I f  t h e  I R  d rop  i s  e l i m i n a t e d  from t h e  p o t e n t i a l s  a t  100 ma/ 
cm2, t h e  p o t e n t i a l s  are 1.09 t o  1 . 1 4  v v s  SHE. These e x c e l l e n t  
IR-free p o l a r i z a t i o n  c u r v e s  i n d i c a t e  t h a t  the  u s e  of  a d i f f u s i o n  
b a r r i e r  bonded t o  t he  s o l i d  carbon s t r u c t u r e  has the  n e c e s s a r y  
e l e c t r o c h e m i c a l  c h a r a c t e r i s t i c s  f o r  the  c a t h o d i c  r e d u c t i o n  of "03 
and N 2 O 4 .  T h e r e f o r e ,  mod i f i ed  c o n s t r u c t i o n s  t h a t  e l i m i n a t e d  the  
e r r a t i c  r e s i s t a n c e  f e a t u r e s  of  the  f i r s t  carbon-Teflon e l e c t r o d e  
t y p e s  were des igned .  

(3) Low Resistance S o l i d  Carbon-Tef l o n  D i f f u s i o n  
E l e c t r o d e s  

( a )  One-Piece Carbon C o n s t r u c t i o n  w i t h  P o l y s t y r e n e  
S e a l a n t  

Because of t h e  d i f f i c u l t i e s  mentioned above w i t h  t he  t a n t a l u m  
h o l d e r  c o n s t r u c t i o n ,  a one-piece assembly of  carbon w i t h  a s e a l e d  
o u t e r  r e g i o n  t o . p r e v e n t  leakage was t e s t ed .  To s e a l  t h o s e  porous 
areas o u t s i d e  t h e  O - r i n g ,  p o l y s t y r e n e  was a p p l i e d  from a benzene 
s o l u t i o n ,  and t h e  benzene was removed by vacuum e v a p o r a t i o n .  Elec- 
t r i c a l  c o n t a c t  was made by copper  c l i p s  a t t a c h e d  b e f o r e  app ly ing  
the  p o l y s t y r e n e .  T h i s  c o n s t r u c t i o n  gave low, r e p r o d u c i b l e  e l e c -  
t r o d e  r e s i s t a n c e s  and t h e  cor responding  r e p r o d u c i b l e  p o t e n t i a l -  
c u r r e n t  c u r v e s  f o r  t h e  c a t h o d i c  r educ t ion  of  "03 as shown i n  
F i g u r e  3. 

( b )  Two-Piece Carbon C o n s t r u c t i o n  w i t h  S h r i n k - F i t  
Contacts 

Although t h e  one-piece c o n s t r u c t i o n  mentioned above i s  s a t i s f a c t o r y  
f o r  p r e l i m i n a r y  t e s t i n g ,  t he  use  of p o l y s t y r e n e  as a s e a l a n t  neces-  
s a r i l y  adds a n  i m p u r i t y  t o  t he  e l e c t r o d e  t h a t  i s  s u b j e c t  t o  a t t a c k  
by t h e  c e l l  r e a c t a n t s  and a l s o  r e s u l t s  i n  a n  i l l - d e f i n e d  a c t i v e  
e l e c t r o d e  area.  Thus, while t e s t i n g  w i t h  t h e  one-p iece  c o n s t r u c -  
t i o n  was unde r  way, the  Pure Carbon Company has cus tom-fab r i ca t ed  a 
two-piece carbon e l e c t r o d e .  The c o n s t r u c t i o n  f e a t u r e s ,  shown i n  
F i g u r e  4,  i n c l u d e  a t h e r m a l l y  made, non-leakage bond between an  
a c t i v e  c a t a l y t i c  i n n e r  carbon and an impervious o u t e r  carbon.  T h i s  
sys tem needs no f u r t h e r  wa te rp roof ing  and i n s u r e s  a n  e x a c t  knowl- 
edge of t h e  a c t i v e  e l e c t r o d e  area.  

5 

0 MONSANTO RESEARCH CORPORATION 0 

~~ 



N 

5 > 
E 

c, c. 
a, 
L 
k 
3 u 

a, - >  
E L  
2s 

m 
5 
0 

a 2 

a, 
c, 
+a*. I 

r l m  I oc, I 
LE: I 
W c d  I 
o a  4 
a)d I r l x  I 
M O  I 

c, 
cd 
L 
a, a 

B 
5 

rn 
a, a 
0 
k 
.u 
0 
a, 
rl 
W 

G 
0 

8-l 

k 

8 
m 
2 
k 
0 
PI 
a 
E: 
(d 

a 
d 
rl 
0 
v) 

k 
0 

G 
0 
d 
c, 
(d 
N 

0 
d 
P 
O c 
c, 
(d u 

d 
F 

p1 
0 

ln 
0 

'? 
0 

ri 

0 



c 
0 
d N 

.. 
W 
.k  

.* I 
k .  w 
w c a  
r l k  k .. .. 
k w m a  
( d N 0 &  m r l  w w 
=*gB .. 
Ip IBZ  Z 

n plp l  

ow 0 b o w  
d k d c k  
m o s 4  I 
k 
G-l w w  
d k k  

0 
0 
0 
rl 

0 
0 
d 

0 
4 

u3 
0 

m 
al a 
0 
k w 
0 
al 

i.4 

E 
c 
0 

aJ u 

0 
d a 
0 

(d u 
5 

n 
W 
k 
2 
bo 
d 
Fr, 

7 
0 MONSANTO RESEARCH CORPORATION 0 



2 in. 

Act ive  Carbon 

Figure 4 .  D u a l  Carbon Electrode 

8 



b.  Carbon S e l e c t i v i t y  t o  "0s Reduct ion 

(1 ) Background 

L a s t  y e a r ' s  f i n a l  r e p o r t  ( r e f .  1) s ta ted  t h a t  5M "03 was n o t  re-  
duced by 1M N 2 H 4  when t h e  two s o l u t i o n s  were. mixed and heated a t  
90°C. 
forming N 2 H 5 N 0 3  a p p a r e n t l y  p rec ludes  redox r e a c t i o n  as i n  t h e  f o r -  
mat ion  o f  NH4N03  from N H 3  and "03. A mix tu re  of "03 and N 2 H 4  
might t h e r e f o r e  be used  as a combination e l e c t r o l y t e ,  o x i d a n t ,  
and r e d u c t a n t  i f  a ca thode  could  be d e v i s e d  t h a t  were s e n s i t i v e  
o n l y  t o  r e d u c t i o n  r e a c t i o n s  f o r  HNO3 and i f  an anode i s  found t h a t  
were s e l e c t i v e  f o r  t he  o x i d a t i o n  of N 2 H 4 .  We have p r e v i o u s l y  
found t h a t  carbon p o s s e s s e s  n o t  only an e x c e l l e n t  c a t a l y t i c  a c t i v -  
i t y  toward HN03 r e d u c t i o n  b u t  a l s o  has a c e r t a i n  s e l e c t i v i t y  f o r  
"03 i n  t h e  p r e s e n c e  o f  N 2 H 4 .  F u r t h e r  work was b e l i e v e d  j u s t i f i e d  
t o  de t e rmine  i f  t h i s  s e l e c t i v i t y  i s  a c t i v e  d u r i n g  d i f f u s i o n - c o n -  
t r o l l e d  expe r imen t s .  

The s a l t  fo rma t ion  r e a c t i o n  between t h e  ac id  and base,  

R e s u l t s  

Ca thod ic  p o l a r i z a t i o n  c u r v e s  f o r  "03 r e d u c t i o n  a t  porous  carbon-  
T e f l o n  d i f f u s i o n  e l e c t r o d e s  are shown i n  F i g u r e  5. The b e s t  curve  
was o b t a i n e d  w i t h  no e l e c t r o l y t e  ( 5 M  H 3 P 0 4 )  con tamina t ion .  Con- 
t a m i n a t i o n  of  t h e  e l e c t r o l y t e  w i t h  0.5M N 2 H 4  and 3M "03 r e s u l t e d  
I n  lower  p o t e n t i a l s  up t o  a c u r r e n t  d e n s i t y  of about  80 ma/cm2. 
A t  h ighe r  c u r r e n t  d e n s i t i e s  t h e  presence  of 3M "03 i n  t he  e l e c t r o -  
l y t e  r e s u l t e d  i n  a b e t t e r  c a t h o d i c  p o t e n t i a l  t h a n  t h a t  of  a ca thode  
i n  c o n t a c t  w i t h  uncontaminated 5M H 3 P 0 4 .  
O.5M N 2 H 4  contaminant  i n  t h e  e l e c t r o l y t e  dec reased  t h e  c a t h o d i c  
r e d u c t i o n  p o t e n t i a l  o f  t h e  porous  Teflon-carbon e l e c t r o d e  by 0.17 v 
a t  70 ma/cm2, b u t  t h e  e l e c t r o d e  s t i l l  o p e r a t e d  as a ca thode  a t  t h i s  
r e a s o n a b l e  c u r r e n t  d e n s i t y .  T h i s  behav io r  i s  t y p i c a l  of t he  
s e l e c t i v i t y  of a l l  s u c h  e lec t rodes  regard less  of d i f f u s i o n  
l i m i t a t i o n s ,  

The p r e s e n c e  of o n l y  

2 .  Role o f  Porous T e f l o n  Sheet  i n  D i f f u s i o n  C o n t r o l  

a .  Background ~ 

Var iab le s  i n h e r e n t  in-  t h e  u s e  of  porous Te f lon  shee t  a s  a d i f f u s i o n  
c o n t r o l  medium are  poke s . ize ,  e f f e c t i v e  po re  l e n g t h ,  p o r o s i t y ,  and 
cha rac t e r  of  t h e  carbon-Teflon bonding. 

Gas d i f f u s i o n  e q u a t i o n s  i n v a r i a b l y  stem from a form of F i c k ' s  Law: 

N = -D A- d' ( ref .  2 )  
dL 
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where N = moles /uni t  t i m e  
Dm = mola l  d i f f u s i o n  c o e f f i c i e n t  
A = d i f f u s i o n  area 
L = e f f e c t i v e  po re  l e n g t h  
c = c o n c e n t r a t i o n  
dc - = c o n c e n t r a t i o n  g r a d i e n t  dL 

Assuming a l i n e a r  g r a d i e n t ,  t h i s  i n t e g r a t e s  t o :  

The p o r o s i t y  f r a c t i o n ,  p ,  can be c a i c u i a t e d  from t h e  t r u e  d e n s i t y ,  
d t ,  and t h e  a p p a r e n t  d e n s i t y ,  da, of t h e  e l e c t r o d e  material:  

p = -  da  
dt 

The e f f e c t i v e  d i f f u s i o n  area, t h e n ,  i s :  

where V i s  the  geomet r i c  e l e c t r o d e  volume. If t h e  po re  l e n  t h  i s  
t h e  same as the  e l e c t r o d e  t h i c k n e s s ,  a l l  terms o f  Equat ion  8 are 
c o n s t a n t .  However, i f  t he  po re  l e n g t h  depends on i t s  t o r t u o s i t y ,  
t h e  d i f f u s i o n  r a t e  becomes: 

b .  E f f e c t  o f  Variables of Teflon E l e c t r o d e  on 
E l e c t r o c h e m i c a l  C h a r a c t e r i s t i c s  

(1) Pore S i z e  

The c a t h o d i c  p o l a r i z a t i o n  c h a r a c t e r i s t i c s  were measured f o r  e lec-  
t r o d e s  t h a t  were made by p r e s s i n g  porous  T e f l o n  w i t h  f o u r  d i f f e r e n t  
p o r e  s i z e s  against  s o l i d  FC-14 carbon. The p o l a r i z a t i o n  data,  p r e -  
s e n t e d  i n  F i g u r e s  6 and 7,  show a d i s t i n c t  t r e n d  w i t h  po re  s i z e .  
The l i m i t i n g  c u r r e n t  d e n s i t y  (and d i f f u s i o n  r a t e )  of "03  i n c r e a s e s  
w i t h  i n c r e a s i n g  p o r e  d i ame te r  f o r  e l e c t r o d e s  t h a t  are normal ized  
f o r  t h i c k n e s s .  

( 2 )  Thickness  

The dependence of d i f f u s i o n  r a t e  upon t h i c k n e s s  i s  c l e a r l y  shown 
by t h e  r e v e r s a l  of t h e  p o r e  s i z e  t r e n d  by 3 0 - m i l  t h i c k  34-p pore  
diameter  Te f lon  shee t  ( F i g u r e s  6 and 7 ) .  However, a t t e m p t s  t o  
f i n d  a more d e f i n i t i v e  r e l a t i o n  by s a n d i n g  Te f lon  samples t o  9 t o  
11 m i l s  t h i c k n e s s  showed only  small gains  i n  t he  d i f f u s i o n  r a t e .  
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Unsanded Teflon d i f f u s i o n  e l e c t r o d e s  w i t h  p o r e  s i z e  of  l g p ,  12p ,  
and 3411 a re  compared w i t h  t h e  r e s p e c t i v e  sanded,  t h i n n e r  e l e c t r o d e s  
i n  F i g u r e s  8 ,  9 ,  and 10. The sanded s ides  of the  Te f lon  shee t s  
were bonded t o  t h e  carbon f o r  some t e s t s ,  and t h e  unsanded s i d e s  
were bonded i n  o t h e r  t e s t s .  I n  a l l  c a s e s ,  t h e  sanded s i d e  when 
bonded provided lower d i f f u s i o n  r a t e s  t h a n  t h e  same Tef lon  shee t  
w i t h  t h e  non-sanded s i d e  bonded. The d i f f u s i o n  r a t e  o f  "03 re- 
mained c o n s t a n t  or i n c r e a s e d  w i t h  d e c r e a s i n g  t h i c k n e s s  o f  Te f lon  
w i t h  t h e  non-sanded s i d e  bonded. With 34-p and 12-11 porous  Te f lon  
sheet having t h i c k n e s s  of  8 and 20 m i l s ,  the  sanded samples showed 
g r e a t e r  d i f f u s i o n  r a t e s  t h a n  the  unsanded samples .  The l i m i t i n g  
c u r r e n t  d e n s i t y  was n o t  s t r i c t l y  i n v e r s e l y  p r o p o r t i o n a l  , t o  t he  
t h i c k n e s s  ( a s  F i c k ' s  law would i n d i c a t e ) .  The bonding o p e r a t i o n  
a t  350°C [abQVe t h e  m e l t i n g ' p o i n t  .(327"C) o f  Te f lon  s h e e t ]  no I 

doubt  caused d i s t o r t i o n  and p lugg ing  of Te f lon  p o r e s .  

Carbon-Teflon Bond 

The n a t u r e  of  t he  Te f lon  s u r f a c e  when bonded t o  t he  carbon sub-  
s t r a t e  had a l a r g e  and c o n s i s t e n t  e f f e c t  on t h e  d i f f u s i o n  r a t e  o f  
o x i d a n t s  through t h e  e l e c t r o d e  ( F i g u r e s  8, 9 ,  and 10). The g rea t -  
e s t  p o l a r i z a t i o n  improvement w i t h  sanding  occur red  f o r  12-p . po re  
s i z e  Teflon shee t  t h a t  was dec reased  i n  t h i c k n e s s  b y . a  f a c t o r  o f  
2 ,  w h i l e  the  34-11 po re  s i z e  shee t  was dec reased  i n  t h i c k n e s s  by 
sand ing  by a f a c t o r  of 3. T h i s  s u g g e s t s  t h a t  e i t h e r  t h e  e f f e c t  of  
bonding i s  l ess  s i g n i f i c a n t  i n  t h e  smal le r  po re  s i z e s  t h a n  i n  t h e  
l a r g e r  pore  s i z e s ,  or t h a t  t h e  sand ing  p r o c e s s  has l e s s  e f f e c t  i n  
p lugg ing  s m a l l e r  p o r e s .  

Because of t h e  r e s u l t s  of  t h e  sanding  t e s t s ,  it was f e l t  t h a t  a n  
i n v e s t i g a t i o n  of  t h e  e f f e c t  o f  b o t h  h e a t i n g  and bonding on t h e  
d i f f u s i o n  r a t e  of  porous Te f lon  e l e c t r o d e s  was needed.  A method 
of  measuring t h e  d i f f u s i o n  r a t e  of  vapor  from 70% "03 th rough  a 
porous Tef lon  e l e c t r o d e  and i n t o  c o n c e n t r a t e d  N a G H  was d e v i s e d .  
A t  i n t e r v a l s  of 1, 3.25, and  6.5 hours ,  samples of  t h e  N a O H  were 
t a k e n  and t i t r a t e d  w i t h  s t a n d a r d  a c i d  to o b t a i n  t h e  amount of  d i f -  
f u s e d  "03 vapor .  From these  d a t a ,  an e q u i v a l e n t  d i f f u s i o n  c u r r e n t  
f o r  "03 vapor was c a l c u l a t e d ,  assuming t h e  end p roduc t  of t he  
c a t h o d i c  r educ t ion  to be N O .  

Samples o f  25-mil t h i c k ,  19-p p o r e  d iameter  po rous  Te f lon  sheet  i n  
t h e  u n t r e a t e d  s t a t e ,  hea t  t r e a t e d  on ly  a t  350"Cj. 8nd bonded a t  
350°C (bonded sample o b t a i n e d  by p r e s s i n g  o r o u s  shee t  on carbon 
b lock  a t  350"C, t h e n  s t r i p p i n g  from carbon P were t e s t e d  a t  b o t h  
30°C and 90°C. These d a t a  a r e  p l o t t e d  i n  F i g u r e  11. A c e r t a i n  
t i m e  l a g  f o r  r e a c h i n g  t h e  maximum d i f f u s i o n  r a t e  i s  a p p a r e n t .  How- 
e v e r ,  ve ry  l i t t l e  change i s  no ted  between 3.25 and 6 . 5  h o u r s .  

A t  g O " C ,  t h e  e q u i v a l e n t  c u r r e n t  d e n s i t y  w i t h  t h e  u n t r e a t e d  Te f lon  
sheet i s  n e a r l y  3 times g r e a t e r  t h a n  t h a t  w i t h  t he  heat t r e a t e d  
sample and about 20 t imes g r e a t e r  t h a n  t h a t  w i t h  t h e  bonded sample.  

14 

0 MONSANTO RESEARCH CORPORATION 0 



____.I 

4 4 

I- 
? 
4 

f 

f 

O2 
0 

09 
0 

h '? 
0 0 

0 MONSANTO RESEARCH CORPORATION 0 

a 
C 
0 
P 

P 
Q, 
P 
C 
Ld 

.. 
v 
Q, 
P 
E: 2 m 

a n  



. . .  

- 

.. 

6 
e, a 
s, 
0 
P .. 
a 
a, 
'(3 c: 
d 
v) 

rl 
rl 

0 
9 

0 

I 

. 

I 

I 
0 

3 f i  u c ,  
0 
e, 
ri w 

0 4 
0 4 
0 0 

0 0 

a o  

9 
rl 

m 
0 

ri 
0 

5 '3. 
0 0 ri d 

16 

0 MONSANTO RESEARCH CORPORATION 0 



/ 

0 
0 
d 

0 
o\ 

0 
a) 

0 
.t- 

0 
\o 

0 
Ln 

0 
3 

0 
fi 

0 
(u 

0 
,-I 

N 

5 

2 

6 

\ 
(d 
E 

c, 
d 

r, 
m 

c, 
c1 
a, 
L 
Ll 
5 
V 

0 MONSANTO RESEARCH CORPORATION 0 



1000 

800 

600 

400 

Heat T r e a t e d ,  90°C 

/ 

- I I I I I I - 
- - 
- 
.- 

sa, 9ooc 

T r e a t e d  a n d  &ld& znor  

1 2 3 4 5 6 7 

Time o f  Sample ,  hours 

O x i d a n t ,  70% HN03. Porous T e f l o n ,  1%, c.025 in. t h i c k  

F i g u r e  11. D i f f u s i o n  Rate o f  HNC3 Vapor  Through Porous T e f l o n .  



The d a t a  o b t a i n e d  a t  30°C seem to r e p r e s e n t  on ly  v a r i a t i o n s  i n  
l i q u i d  d i f f u s i o n  th rough  p i n h o l e s ,  s i n c e  ve ry  l i t t l e  vapor  d i f f u -  
s i o n  shou ld  o c c u r  w i t h  an "03 vapor p r e s s u r e  o f  on ly  2-3 mm. It 
i s  f a i r l y  c e r t a i n  t h a t  t h e  d a t a  a t  90°C r e p r e s e n t  mos t ly  vapor  
d i f f u s i o n ,  s i n c e  even t h e  h i g h e s t  l eakage  r a t e  a t  30°C cou ld  n o t  
account  f o r  t h e  h i g h  d i f f u s i o n  r a t e  of  t h e  u n t r e a t e d  sample a t  
90°C. 
a b s o l u t e  t e m p e r a t u r e .  ) 

( L i q u i d  d i f f u s i o n  i s  p r o p o r t i o n a l  t o  t h e  squa re  o f  t h e  

It shou ld  b e  p o i n t e d  o u t  t h a t  t h e  19-p p o r e  s i z e  Te f lon  s h e e t  
used  f o r  d i f f u s i o n  t e s t s  does  n o t  have t h e  same t h i c k n e s s  as t h a t  
used  i n  t h e  19-p p o r e  s i z e  e l e c t r o d e s  used  f o r  e l e c t r o c h e m i c a l  
t es t s  i n  S e c t i o n  B-2-b. T h i s  accounts  f o r  t h e  d i f f e r e n c e  i n  c u r -  
r e n t  d e n s i t y  of  t h e  two t e s t i n g  methods. It was f e l t  t h a t .  less 
l i q u i d  leakage cou ld  be  encountered  w i t h  t h e  t h i c k e r  T e f l o n  s h e e t ,  
r e s u l t i n g  i n  more a c c u r a t e  vapor d i f f u s i o n  compar'isons f o r  t h e  
t h i c k e r  ma te r i a l .  

( 4 )  Conclus ions  

A l l  o f  t h e  d a t a  seem to p o i n t  to t h e  carbon-Teflon bond as  be ing  
t h e  l i m i t i n g  f e a t u r e  o f  t h i s  t y p e  o f  c o n s t r u c t i o n .  The f a c t o r s  
e n t e r i n g  i n t o  t he  c o n t r o l  o f  t h i s  bond are  numerous; t i m e ,  t e m -  
p e r a t u r e ,  and bonding p r e s s u r e  a long  w i t h  t h e  s t a t e  o f  t h e  Te f lon  
and carbon s u r f a c e s  are c r i t i c a l  f o r  deforming and p lugg ing  e l e c -  
t r o d e  p o r e s .  
l ead  t o  a method o f  p r o v i d i n g  u s a b l e ,  r e p r o d u c i b l e  d i f f u s i o n  r a t e s ,  
a l t h o u g h  s u c h  a s t u d y  would be a long  and e x a c t i n g  u n d e r t a k i n g .  
Be fo re  s t a r t i n g  such  a- l i n e  o f  i n v e s t i g a t i o n ,  a second approach 
t o  making T e f l o n  vapor  d i f f u s i o n  e l e c t r o d e s  i s  be ing  e v a l u a t e d .  

A c a r e f u l  i n v e s t i g a t i o n  of these v a r i a b l e s  might 

3 .  ' Ikf lon D i f f u s i o n  E l e c t r o d e s  from Tef lon  Powder --- Bonded t o  
S o l i d  Carbon 

a .  Background 

Changes i n  d i f f u s i o n  r a t e s  through porous  Te f lon  sheet  t h a t  are 
caused by t h e  bonding l e d  to t h e  us-e of a porous  carbon m a t r i x  as 
t h e  d i f f u s i o n  c o n t r o l  b a r r i e r .  I f  a homogeneous wet-proof s u r f a c e  
l a y e r  of p o r e s  can be formed by me l t ing  Te f lon  powder i n t o  t h e  
s u r f a c e  o f  p o r o u s . c a r b o n ,  a network o f  v e r y  t h i n  c o n t r o l l e d  d i f f u -  
s i o n  p a t h s  should  o c c u r .  
t h e  amount of Tef lon  powder app l i ed  per u n i t  area o f  t h e  porous 
ca rbon .  

The d i f f u s i o n  r a t e  can be c o n t r o l l e d  by 

b .  Exper imenta l  

An i n i t i a l  p r e p a r a t i o n  of Tef lon  powder-carbon e l e c t . r o d e s  was 
made u s i n g  Te f lon  powder on FC-14 porous  ca rbon .  About 6 mg/cm2 
of  T e f l o n  powder whs p r e s s e d  between two 1/16-in.  t h i c k  r e c t a n g l e s  
of FC-14 e a r b o n .  
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Cur ren t  -Volt age R e l a t i o n s  

The e l e c t r o d e  was t e s t e d  u s i n g  70% "03 i n  t h e  d i f f u s i o n  compart-  
ment and 5M H2S04 e l e c t r o l y t e  a t  90°C. A s  soon as 70% "03 was 
added, t h e  e l e c t r o d e  was c a t h o d i c a l l y  p o l a r i z e d  u n t i l  a c o n s t a n t  
p o t e n t i a l  of 1 .0  v v s  SHE was a t t a i n e d ,  co r re spond ing  t o  a c u r -  
r e n t  d e n s i t y  of 210 ma/cm2. Product  gas ( N O )  emerged from b o t h  
s i d e s  o f  t h e  carbon e l e c t r o d e .  Q u a l i t a t i v e l y ,  more gas was d i s -  
charged from t h e  d i f f u s i o n  compartment t h a n  from t h e  e l e c t r o l y t e  
s i d e .  

( 2 )  Longer-Term T e s t i n g  

The e l e c t r o d e  d e s c r i b e d  above was o p e r a t e d  o v e r n i g h t  a t  120 m a /  
em2. The lower c u r r e n t  d e n s i t y  a l lowed lower d i f f u s i o n  r a t e  
a s  t h e  "03 was consumed. The r e l a t i o n  o f  vapor  p r e s s u r e  o f  "03 
t o  "03 c o n c e n t r a t i o n  and t empera tu re  i s  shown i n  F i g u r e  12 .  The 
v o l t a g e - c u r r e n t  r e l a t i o n s h i p  f o r  a 26-hour t e s t  i s  shown i n  Fig- 
u r e  13. The e l e c t r o d e  would n o t  perform as w e l l  when a f r e s h  "03 
charge  was used .  

( 3 )  Contaminat ion 

After  2 hours  and 20 h o u r s ,  samples of  t h e  e l e c t r o l y t e  were t e s t e d  
for contaminat ion and found t o  c o n t a i n  0.01M and 0.03M "03, 
r e s p e c t i v e l y  . 

e .  Discuss ion  

T h i s  i n i t i a l  t e s t  shows t h e  p o s s i b i l i t y  of o b t a i n i n g  h i g h  d i f f u s i o n  
r a t e s  wi th  low contaminat ion  l e v e l s  w i t h  t h e  Te f lon  d i f f u s i o n  e l e c -  
t r o d e  s t r u c t u r e .  The ease of c o n s t r u c t i o n  makes i t  p r e f e r a b l e  t o  
t h e  porous Tef lon  sheet  c o n s t r u c t i o n .  However, b e f o r e  d e c i d i n g  on 
o n l y  one t y p e  of Tef lon  e l e c t r o d e  c o n s t r u c t i o n  two impor t an t  q u a l i -  
f i c a t i o n s  for e l e c t r o d e  c a n d i d a t e s  should  be de te rmined:  

(1) E l e c t r o d e  l i f e  -- wetp roof ing  as  w e l l  as p o l a r i -  
z a t i o n  c h a r a c t e r i s t i c s .  

( 2 )  R e p r o d u c i b i l i t y .  

C .  ANODE DEVELOPMENT 

1. C a t a l y t i c  A c t i v i t y  of P r e c i o u s  Metals f o r  t h e  Anodic 
Oxidat ion of N 2 H 4  i n  H 3 P O 4  

a .  Background 

A t  t h i s  time, P t  i s  t h e  on ly  known c a t a l y s t  t h a t  i s  s e l e c t i v e  t o  
t h e  anodic  o x i d a t i o n  of N 2 H 4  i n  t h e  p resence  of any r easonab le  con- 
c e n t r a t i o n  of "03. S ince  w e  know t h a t  P t  i s  n o t  t h e  b e s t  c a t a l y s t  
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f o r  N 2 H 4  o x i d a t i o n  i n  H3P04 s o l u t i o n  when no H N O 3  i s  p r e s e n t ,  a 
s e a r c h  f o r  o t h e r  c a t a l y t i c  mater ia l s  was i n i t i a t e d .  

b .  Non-Contaminated S o l u t i o n s  

P o l a r i z a t i o n  tests f o r  c a t a l y t i c  a c t i v i t y  on carbon e l e c t r o d e  
s u r f a c e s  are  g i v e n  i n  Tab le  1. Both chemipla ted  and e l e c t r o -  
p l a t e d  p r e c i o u s  metals were used  when p o s s i b l e .  One sample o f  
p u r e  P t  b l a c k  powder* i n  a t an ta lum h o l d e r  Te f lon  e l e c t r o d e  con- 
s t r u c t i o n  was used  (Run 5, Table  1). The f o l l o w i n g  t r e n d s  were 
no ted  as a r e s u l t  of  t es t s  i n  uncontaminated s o l u t i o n s :  

(1) T e s t s  2-4, Table  1, i n d i c a t e  t h a t  amount o f  p l a t inum p e r  u n i t  
area i s  tne c o n t r o l l i n g  f a c t o r  I n  e l e c t r o d e  a c t i v i t y ,  regard- 
less  o f  t y p e  o f  d e p o s i t .  

The a c t i v i t y  of a l l  chemiplated m i x t u r e s  i s  s u p e r i o r  t o  any 
of  t h e  chemip la t ed  metals  a lone  at e q u a l  l o a d i n g s .  The b e s t  
o f  t h e  m i x t u r e s  i s  60% Pt-20$ Ru-20$ Au, which h a s  an  advan- 
tage o v e r  any chemipla ted  pu re  component a t  '100 ma/cm2. 

( 2 )  

( 3 )  E l e c t r o p l a t e d  Rh a t  ve ry  low l o a d i n g  i s  s u p e r i o r  t o  e l e c t r o -  
p l a t e d  P t  a t  s i g n i f i c a n t l y  h ighe r  l o a d i n g s  and i s  t h e  b e s t  
c a t a l y s t  o t h e r  t h a n  t h e  commercial P t  b l a c k  e l e c t r o d e  l i s t e d  
i n  Tab le  1. 

c .  Contaminated S o l u t i o n s  Conta in ing  1M "03 

Only t h e  e l e c t r o p l a t e d  R h  and most P t - con ta in ing  e l e c t r o d e s  showed 
s i g n i f i c a n t  s e l e c t i v i t y  toward N2H4 o x i d a t i o n  i n  H3P04 s o l u t i o n s  
c o n t a i n i n g  1M "03. 
l e s s  t Q a n  0 .1  v d e t e r i o r a t i o n  of p o t e n t i a l  i n  t h e  c o n t a m i n a t e d s o i u -  
t i o n ,  as compared w i t h  t h e  p o t e n t i a l  i n  t h e  uncontaminated s o l u t i o n .  

The Rh e l e c t r o d e  ( t e s t  no. 6, Table  1) had 

2 .  D i f fus ion -Con t ro l l ed  Anodes 

a .  Background 

The. development of d i f f u s i o n - c o n t r o l l e d  anodes u s i n g  Te f lon  as  a 
w a t e r p r o o f i n g  a g e n t  i s  needed for concur ren t  u s e  w i t h  t h e  ca thode  
d i f f u s i o n  e l e c t r o d e  i n  f u l l - c e l l  a p p l i c a t i o n .  
o u r  anode s t u d y  i s  t h i s  development. However, b e f o r e  a d e t a i l e d  
i n v e s t i g a t i o n  i s  s t a r t ed ,  t h e  c a t a l y s t  must be s e l e c t e d .  Tenta-  
t i v e l y ,  P t  i s  be ing  t e s t e d  w i t h  d i f f u s i o n - c o n t r o l l e d  sys tems.  

The pr imary  g o a l  of  

b .  R e s u l t s  

Only c o n s t r u c t i o n s  u t i l i z i n g  t h e  tan ta lum h o l d e r  w i t h  po rous  Te f lon  
s h e e t  molded t o  t h e  c a t a l y s t  powder have been made and t e s t e d  as 

* Engelhard  I n d u s t r i e s ,  I n c . ,  Newark, N .  J -  
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d i f f u s i o n - c o n t r o l l e d  anodes.  The same problems found i n  ca thode  
e l e c t r o d e  c o n s t r u c t i o n  were p r e v a l e n t  f o r  t h e  anode, and d i f f u s i o n  
c o n t r o l  of a c o n c e n t r a t e d  N 2 H 4  source  has  n o t  been o b t a i n e d .  

Methods of u s i n g  commercial b l a c k s  as w e l l  as p l a t e d  and chemi- 
p l a t e d  c o a t i n g s  i n  d i f f u s i o n  anodes a r e  now b e i n g  developed .  One 
p a t h  of  i n v e s t i g a t i o n  i s  t o  f o l l o w  t h e  development of  t h e  carbon 
black-powdered Te f lon  ca thode  c o n s t r u c t i o n  w i t h  a P t  c a t a l y s t  
added. 

D. CONCLUSIONS (POROUS TEFLON VAPOR DIFFUSION ELECTRODES -- 
ANODE AND CATHODE) 

Vapor d l f f u s i c r !  t y p e  ca thode  c o n s t r u c t i o n  h a s  reached  t h e  stage of  
f u l l - c e l l  t e s t i n g .  The f o l l o w i n g  e l e c t r o d e  r equ i r emen t s  have been 
m e t :  

The e l e c t r o d e s  d e t e r i o r a t e  a maximum of  0.14 v i n  up t o  0.5M 
N 2 H 4  i n  5 M  (see F igure  5 ) .  

The e l e c t r o l y t e  i s  on ly  s l i g h t l y  contaminated by l eakage  of  
u n r e a c t e d  "03 through the  cathode (see F i g u r e  13).  

The e l e c t r o d e  can c o n t r o l  l i m i t i n  c u r r e n t  d e n s i t i e s  from 
50 t o  200 ma/cm2 a t  1 .0  v vs  SHE $see page 20 and F i g u r e  13).  

Dual c o n s t r u c t i o n  e l e c t r o d e s  can be used  f o r  h a l f - c e l l  t e s t i n g .  

D i f f u s i o n  e l e c t r o d e s  have a l i f e  of a t  l e a s t  24 hour s  a t  90°C 
(see F i g u r e  13).  

P la t inum,  as an anode c a t a l y s t  i n  s o l u b l e  f u e l  systems i n  
H3P04 e l e c t r o l y t e  can t o l e r a t e  a t  l ea s t  1 M  "03, which i s  
above t h e  expec ted  contaminat ion l e v e l  from t h e  "03 ca thode .  
Rhodium, a long  w i t h  some chemiplated m i x t u r e s ,  might prove  
t o  be s u p e r i o r  a t  contaminat ion l e v e l s  expec ted  i n  f u l l  c e l l  
u s e  (see Table  I ,  Conclusion 2 ) .  

D i f f u s i o n - c o n t r o l l e d  f u l l  c e l l s  u t i l i z i n g  c o n c e n t r a t e d  f u e l  
and o x i d a n t  f e e d s  have a t  l eas t  s h o r t - t e r m  f e a s i b i l i t y  i n  a 
compat ib le  a c i d  e l e c t r o l y t e  s y s t e m  u s i n g  t h e  r e a c t a n t s  N 2 H 4  
and "03. 

D i n i t r o g e n  t e t r o x i d e ,  N 2 0 4 ,  would be expec ted  t o  be r e a d i l y  
s u b s t i t u t e d  f o r  t h e  HNO3 ox idant  w i t h  t he  same e l e c t r o d e  
s t r u c t u r e  (see F i g u r e  2 ) .  

FUTURE PLANS (ELECTRODE DEVELOPMENT PROGRAM) 

Cathodes 

T e s t  f o r  r e p r o d u c i b i l i t y  w i t h  impregnated T e f l o n  powder con- 
s t r u c t i o n  f o r  t h e  d u a l  carbon e l e c t r o d e .  
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( 2 )  

(3) Determine t h e  range of c u r r e n t s  and p o t e n t i a l s  t h a t  can be 

Determine t h e  l o a d i n g s  of Tef lon  powder r e q u i r e d  f o r  d i f f e r e n t  
l i m i t i n g  c u r r e n t  d e n s i t i e s .  

a t t a i n e d  wi thou t  gross contaminat ion  of t he  e l e c t r o l y t e  w i t h  
s p e c i f i c  e l e c t r o d e s  developed under  ( 2 ) .  

( 4 )  Determine t h e  long-term c h a r a c t e r i s t i c s  of t h e  above e l e c t r o d e s .  

2. Anodes 

(1) T e s t  commercial m e t a l l i c  b l a c k s  f o r  c a t a l y t i c  a c t i v i t y  f o r  
t h e  anodic o x i d a t i o n  of N2H4 on non-carbon s u b s t r a t e s  w i t h  
and wi thout  contaminat ion .  

( 2 )  Develop d i f f u s i o n  e l e c t r o d e s  f o r  t h e  anodic  o x i d a t i o n  of N2H4, 
us ing  t h e  b e s t  s e l e c t i v e  c a t a l y s t  e i t h e r  on carbon or m e t a l  
s u b s t r a t e .  

(3) Determine t h e  l i f e  of t h e  d i f f u s i o n  e l e c t r o d e s .  

3. F u l l  C e l l s  

I n t e g r a t e  s u i t a b l e  anodes and ca thodes  i n t o  sma l l  s c a l e  c e l l  u n i t s  
f o r  t e s t i n g .  
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111. FULL CELLS WITH I O N  EXCHANGE MEMBRANES 

A .  BACKGROUND 

1. Organic  I o n  Exchange Membranes 

The use o f  i o n  exchange membranes (IEM) as s o - c a l l e d  " s o l i d  e l e c t r o -  
l y t e s "  i s  of  c o n s i d e r a b l e  i n t e r e s t  i n  t h i s  program because  of  t h e  IEM's 
t h e o r e t i c a l  a b i l i t y  t o  i s o l a t e  noncompatible  f u e l - o x i d i z e r  combina t ions ,  

S o l i d  p a l l a d i u m  membrane hydrogen d i f f u s i o n  e l e c t r o d e s  a r e  no t  c u r r e n t l y  
a v a i l a b l e  w i t h  r e s i s t a n c e  t o  t h e  c o r r o s i v e  a c t i o n  of  HN03 o x i d a n t .  
The re fo re ,  the  p o s s i b i l i t y  of  u s ing  a p a l l a d i u m  membrane anode i ,n .  
c o n j u n c t i o n  w i t h  a HN03 cathode depends on p h y s i c a l  s e p a r a t i o n  of  
a n o l y t e  and c a t h o l y t e .  An i o n  exchange membrane e l e c t r o l y t e  wi th  
s u i t a b l e  p r o p e r t i e s  could e f f e c t  t h i s  p h y s i c a l  s e p a r a t i o n .  

A d d i t i o n a l l y ,  t he  ex t remely  h igh  v o l t a g e s  and low p o l a r i z a t i o n  a f f o r d e d  
by t h e  a c i d - b a s e  c e l l  ( H N 0 3  catholyte-separator-N2H4 i n  5-10M KOH) make 
t h i s  c o n s t r u c t i o n  of c o n s i d e r a b l e  i n t e r e s t .  Again, a n  i o n  exchange 
membrane p r o v i d e s  t h e  most convenient  r o u t e  t o  such a c o n s t r u c t i o n .  

The p r i n c i p a l  p r o p e r t i e s  r e q u i r e d  of an IEM f o r  t h i s  d u t y  a re :  

1. Long-term r e s i s t a n c e  t o  "Os, ,and s t r o n g  base, 
2 .  L o w  i n t e r n a l  e l e c t r i c a l  r e s i s t a n c e ,  
3. Good mechanical  s t r e n g t h ,  and 
4 .  Moderate heat r e s i s t a n c e .  

Previous  work i n  t h i s  l a b o r a t o r y  ( r e f .  3) i n d i c a t e d  t h a t  some a v a i l a b l e  
a n i o n  and c a t i o n  exchange membranes possessed t h e s e  p r o p e r t i e s  t o  a 
l i m i t e d  e x t e n t ,  

The o p e r a t i o n  of  t h e  HN03-N2H4 c e l l  with a n  IEM i n v o l v e s  t r a n s f e r  of 
po ta s s ium i o n s  from t h e  KOH f u e l  c a r r i e r  through t h e  membrane and i n t o  
t h e  ca thode  compartment i n  a d d i t i o n  t o  t h e  c a t h o d i c  r e d u c t i o n  of HN03 
and t h e  a n o d i c  o x i d a t i o n  o f  N2H4.  The c e l l  r e a c t i o n s  a r e  summarized 
as f o l l o w s :  
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To t r a n s f e r  12 Faradays of c u r r e n t  a c r o s s  t h e  c a t i o n  exchange membrane 
(CEM), 12 potassium e q u i v a l e n t s  must m i g r a t e '  from t h e  a n o l y t e  through 
t h e  c a t i o n  membrane and i n t o  t he  c a t h o l y t e :  

+ CEM 

Cat hod e 
+12K+ 
- 12H' 

I 

IK+ I ~ 

Anode 
-12K+ 
-120H- 

The g e n e r a t i o n  of 12 Faradays of c u r r e n t  by r e a c t i o n  (3)  by t h e  
membranf c e l l  w i l l  t h e n  r e q u i r e  t h e  g a i n  of 12 K+ and t h e  l o s s  
of  12 H i n  t he  c a t h o l y t e  and t h e  l o s s  of 12 e and 12 OH- i n  t h e  
a n o l y t e .  T h i s  i s  e q u i v a l e n t  to t h e  o v e r a l l  n e u t r a l i z a t i o n  r e a c t i o n :  

( 4 )  12 KOH + 12 HNO3 4 12 H 2 0  + 12 K N 0 3  

Adding equa t ion  ( 4 )  t o  e q u a t i o n  (3) g i v e s  a n  e q u a t i o n  f o r  t h e  
complete  ox ida t ion ,  r e d u c t i o n ,  and n e u t r a l i z a t i o n  r e a c t i o n s  r e q u i r e d  
f o r  c e l l  o p e r a t i o n :  

16 HN03 + 3 N2H4 + 12 KOH- 4 NO + 3 N 2  + 12 K N 0 3  + 20 H 2 0  ( 5 )  

AF" = -494 Kcal/g-mole; Eo = 1.78 v 

2 .  Zirconium Phosphate  S e p a r a t o r s  

Organic  i o n  exchange membranes have l i m i t e d  l i f e  i n  c o n c e n t r a t e d  a c i d s ,  
bases, or o x i d i z i n g  a g e n t s  ( r e f .  4 ) .  I n o r g a n i c  i o n  exchangers  i n -  
co rpora t ed  i n  an i n e r t  b ind ing  f a b r i c  may be more d u r a b l e  t h a n  o r g a n i c  
membranes i n  c o n t a c t  wi th  c o r r o s i v e  r e a c t a n t s  such  as "Os. Zirconium 
phosphate  has been s t u d i e d  as a c a t i o n  exchanger  ( r e f s .  5,6, and 7 ) ,  
and s e v e r a l  methods of p r e p a r i n g  the  compound have been d e s c r i b e d  
( r e f .  5 ,6 ,8) .  

Zirconium phosphate  c r y s t a l s  e x h i b i t  c a t i o n  exchan e p r o p e r t i e s  and 
are  r e p o r t e d  t o  be s t ab le  i n  s t r o n g  a c i d  ( l 3 M  HN03 and a l s o  i n  base  
up t o  a pH of a t  l e a s t  13 ( r e f .  5 ) .  
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B. METHOD 

1. Ce l l  D e s c r i p t i o n  

F u l l  c e l l  e v a l u a t i o n  of  c a t i o n  exchange membranes was conducted u s i n g  
an a d a p t a t i o n  of t he  3 x 3 i n .  c e l l  c o n s t r u c t i o n  d e s c r i b e d  i n  Quar-  
t e r l y  Repor t  No. 1. 

A l l  membranes were o b t a i n e d  from commercial s o u r c e s .  Ion  exchange 
membranes were c u t  t o  5 x 5 i n .  dimensions and punched t o  accommo- 
da te  the  end  p l a t e  b o l t s .  
sea l  t he  c e l l .  

Each membrane s e r v e d  as i t s  own g a s k e t  t o  

The p a l l a d i z e d  n i c k e l  anode was s e l e c t e d  because  of i t s  h i g h  a c t i v i t y  
and r e l a t i v e  economy. Furthermore,  f a i l u r e  o f  t h e  IEM would be read- 
i l y  a p p a r e n t  from appearance of  n i c k e l  n i t r a t e  byproduct  r e s u l t i n g  
from "03 a t t a c k  on t h e  anode. 

I n  a l l  cases ,  t h e  fue l /po ta s s ium hydroxide ( K O H )  mix tu re  was pumped 
th rough  the  anode c a v i t y  a t  a r a t e  of app rox ima te ly  200 cc/min. 

C e l l  t empera tu re  was ma in ta ined  by h e a t i n g  t h e  f u e l / b a s e  mix tu re  i n  
t h e  f u e l  t a n k ,  w i t h  a n o l y t e  r e c i r c u l a t i o n  p r o v i d i n g  adequate  heat  
t r ans fe r  t o  t h e  c e l l .  N i t r i c  a c i d  was c i r c u l a t e d  e i t h e r  by pumping 
o r  by a gas l i f t  e n e r g i z e d  by byproduct NO.  Concen t r a t ion  of t he  
"03 stream was al lowed t o  d e c r e a s e  from l5M t o  a minimum of 5 M ,  a t  
which p o i n t  t h e  e n t i r e  o x i d i z e r  charge was r e p l a c e d .  

Because b o t h  anode and ca thode  c h a r a c t e r i s t i c s  were wel l  d e f i n e d ,  
complete p o l a r i z a t i o n  d a t a  on e a c h  c e l l  were n o t  t a k e n .  Runs were 
made a t  t h e  maximum c u r r e n t  d e n s i t y  c o n s i s t e n t  w i t h  v o l t a g e  s t a b i l i t y .  
Load for t h e  c e l l  was p rov ided  e i t h e r  by a r e s i s t o r  o r  dc power 
supply  

The f u l l  c e l l  r e a c t a n t  h a n d l i n g  system i s  shown s c h e m a t i c a l l y  i n  
F i g u r e  1 4 ,  f o r  t h e  case where oxidant  i s  c i r c u l a t e d  by gas l i f t .  

2 .  Zirconium Phosphate S e p a r a t o r s  

Zirconium phosphate  was p repa red  by mixing e i t h e r  zirconium s u l f a t e  
o r  z i r c o n y l  c h l o r i d e  w i t h  H3P04.  The washed p r e c i p i t a t e  was p r e s s e d  
be tween two sheets  of Te f lon  f e l t  a t  800 p s i g ,  220°F, f o r  1 hour .  A 
f l e x i b l e ,  i n t e g r a l  c a t i o n  exchange s e p a r a t o r  r e s u l t e d .  T h i s  s e p a r a -  
t o r  was i n c o r p o r a t e d  i n t o  C e l l  61507, l i s t e d  i n  Table  2. 

C .  RESULTS AND DISCUSSION 

Table  2 summarizes c o n s t r u c t i o n  and o p e r a t i o n  o f  t h e  t y p e s  of i o n  
exchange membrane c e l l s  s t u d i e d  dur ing  t h i s  q u a r t e r .  
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1. 

The r a p i d  d e t e r i o r a t i o n  of t h e  pa l lad ium membrane anode by HN03 
a t t a c k  i n d i c a t e s  t h e  need f o r  an  IEM comple t e ly  imperv ious  t o  a c i d  
back l eakage .  T h i s  leakage  occurred  with r e l a t i v e l y  d i l u t e  HN03 
c a t h o l y t e  (5M) . 

NpH4 1 Pd(Rh) 1 CEM I P t  I HNO3 ( C e l l  54905) 

Desp i t e  t h e  f a i l u p e ,  t h e  good i n i t i a l  open c i r c u i t  v o l t a g e  ( O C V )  and 
t o t a l  p o l a r i z a t i o n  of on ly  0 .2  v o l t  from a c t u a l  oCV a t  70 ma/cm2 
and 30°C a r e  i n d i c a t i v e  of reasonable  performance t o  be expec ted  from 
s u i t a b l y  p r o t e c t e d  pa l l ad ium membrane anodes .  

2 .  =(in KOY)( N i ( P d )  1 CEM I P t  I HN03 ( C e l l  54906 and 54918) 

T h i s  c e l l  i s  c h a r a c t e r i s t i c  of t h e  performance of t h e  I o n i c s  61AZ2-183 
c a t i o n  exchange membrane. F igu re  15 i l l u s t r a t e s  t h e  deg ree  of p o l a r i z a -  
t i o n  and power d e n s i t y  w i t h  i n c r e a s i n g  c u r r e n t  d e n s i t y .  E l e c t r i c a l  
performance i s  adequate ,  b u t  t h e  membrane’s poor  r e s i s t a n c e  t o  HN03 
l i m i t s  t h e  e f f e c t i v e  l i f e  of t h e  c e l l  t o  7-12 h o u r s .  

The f r e s h  membrane m a t e r i a l  used i n  C e l l  54918 performed s i m i l a r l y  t o  
t h e  o l d e r  m a t e r i a l  used i n  C e l l  54906. 

3 .  Porous F i b e r  Mat 

To p r o t e c t  t h e  c a t i o n  exchange membrane f rom d i r e c t  c o n t a c t  w i th  HN03, 
a s e r i e s  o f  c e l l s  was cons t ruc t ed  i n c o r p o r a t i n g  a p o r o u s  f i b e r  m a t  
between t h e  ca thode  and IEM. Hopeful ly ,  po ta s s ium i o n s  mig ra t ing  
through t h e  membrane would r e a c t  w i t h  NOs’ i o n s  t o  form a l a y e r  of  
KN03, which would be r e t a i n e d  i n  t h e  porous mat m a t e r i a l .  T h i s  s a l t  
l a y e r  would e f f e c t i v e l y  l i m i t  a cces s  of HNO3 t o  t h e  IEM s u r f a c e .  A 
d e c r e a s e  i n  e l e c t r i c a l  performance was expec ted  because  of t h e  i n c r e a s e d  
I R  drop r e s u l t i n g  from t h e  e x t r a  d i s t a n c e  between e l e c t r o d e s  and t h e  
h i g h e r  r e s i s t a n c e  of  t h e  KNO3 s o l u t i o n .  

4 .  N 2 H 4  ( i n  KOH) I N i (  Pd) I CEM I Glass  F i b e r  I P t  1 HNO3 ( C e l l  61508) 

T h i s  c e l l  employed a l a y e r  of woven glass c l o t h  a s  t h e  porous  mat. 
A t  100 ma/cm2 a dec rease  i n  v o l t a g e  performance of about  30% was n o t e d .  
L i f e  was o n l y  8 hour s .  
c l o t h  was t o r n  i n  s e v e r a l  p l a c e s  and had l o s t  i t s  f l e x i b i l i t y .  
Apparen t ly  b i n d e r s  used i n  the c l o t h  had been a t t a c k e d  by t h e  s t r o n z  

Dissassembly of t h e  c e l l  showed t h a t  t h e  g l a s s  

- --v a c i d ,  caus ing  f a i l u r e  t o  s t r u c t u r a l  i n t e g r i t y  and r a p i d  a t t a c k  on %he 
exposed IEM. 

5. 1 
C e l l  54911 i n c o r p o r a t e d  a 15 m i l  t h i c k  a s b e s t o s  pape r  as t h e  porous  
l a y e r .  V o l t a g e  performance a t  70 ma/cm2 was about  40% p o o r e r  t han  
t ha t  of C e l l  54906, b u t  an  e f f e c t i v e  l i f e  of 32 h o u r s  was o b t a i n e d ,  
I n s p e c t i o n  o f  t h e  f a i l e d  c e l l  components showed tha t  t h e  f r a g i l e  
a s b e s t o s  s h e e t  had t o r n ,  p robab ly  as a r e s u l t  of h igh  c a t h o l y t e  l i q u i d  

. v e l o c i t i e s .  
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6 .  

C e l l  54916 was o p e r a t e d  a t  70 ma/cm2, 1.1 v o l t ,  and 70°C f o r  70 
hour s  b e f o r e  IEM f a i l u r e ,  P r o t e c t i v e  b u f f e r  m a t e r i a l  between ca thode  
and IEM was 25 m i l  t h i c k  Te f lon  f e l t .  The f a i l e d  membrane showed 
a p p r e c i a b l e  HN03 a t t a c k  o n l y  i n  t h e  c a t h o l y t e  manifold areas, s u g g e s t i n g  
a g a i n  t h a t  r a p i d  pumping of a c i d  tends  t o  wash o u t  t h e  p r o t e c t i v e  
KN03 l a y e r  where l i q u i d  v e l o c i t . i e s  a r e  h i g h e s t ,  T h i s  could be modif ied 
wi th  d e s i g n  changes .  

7. 
Cel l  61509 and 61510 t e s t e d  a commercial c a t i o n  exchange membrane 
( K M F - c - ~ ~ ~ )  from a n o t h e r  s o u r c e .  E l e c t r i c a l  performance was on ly  
moderate,  t h e  c e l l  be ing  unable  to s t a b l y  c a r r y  c u r r e n t  d e n s i t i e s  
h i g h e r  t h a n  abou t  50 ma/cm2. 
through the  IEM t o  g r a d u a l l y  p o l a r i z e  t h e  anode and u l t i m a t e l y  a t t a c k  i t .  

8 .  N2H4 ( i n  KOH) I N i (  Pd) I CEM I Teflon F e l t  I P t  I HN03 ( C e l l  61510) 

C e l l  61510 u s e d  t he  Te f lon  f e l t  bu f fe r  wi th  t he  AMF-C-313 membrane. 
E l e c t r i c a l  performance was approximately t he  same as t h a t  of  C e l l  
61509, t h e  i n c r e a s e d  i n t e r n a l  r e s i s t a n c e  caused by t h e  T e f l o n  f e l t  
p robab ly  b e i n g  n e a r l y  e q u i v a l e n t  t o  Ce l l  61509's poisoned anode e f f e c t .  
D i f f i c u l t y  i n  s e a l i n g  the  c e l l  fo rced  a s h u t  down a f t e r  3 hours  when 
HNO3 l eakage  o u t  of t h e  c e l l  became e x c e s s i v e .  There was no f a l l - o f f  
i n  e l e c t r i c a l  o u t p u t  with time. 

N2H4 ( i n  KOH) 1) N i (  pd) I CEM 1 Tef lon  F e l t  1 P t  1 "03 

NpH4 ( i n  KOH) I N i (  Pd) I CEM I P t  I "03 ( C e l l  61509) 

Ce l l  61509 p robab ly  leaked HN03 s lowly  

The AMF C - 3 1 3  membrane showed good r e s i s t a n c e  t o  HNO3 b u t  became q u i t e  
b r i t t l e  when exposed t o  t h e  s t r o n g l y  b a s i c  a n o l y t e  stream. T e s t i n g  was 
t h e r e f o r e  d i s c o n t i n u e d  with t h i s  membrane i n  t h e  ac id /base  c e l l ,  
though i t  could  have a p p l i c a t i o n  i n  a n i t r i c  ac id /hydraz ine  ( i n  pH 
6-12 s o l u t i o n )  c e l l .  

9. 
The Permion 1010 c a t i o n  exchange membrane was a l s o  e v a l u a t e d .  T h i s  
i s  a v e r y  t h i n  membrane and t h e  small sample a v a i l a b l e  e i t h e r  con ta ined  
p i n h o l e  l e a k s  when s u p p l i e d  or was punctured d u r i n g  c e l l  assembly.  
No performance data were ob ta ined  because of immediate l eakage  of HN03 
t o  t h e  anode compartment.  A new sample i s  on o r d e r  and s u i t a b l e  
p r e c a u t i o n s  w i l l  be t a k e n  t o  i n s u r e  i t s  undamaged i n s t a l l a t i o n  i n  a 
c e l l .  

N2H4 ( i n  KOH) I N i ( P d )  - ICEM I P t  I H N 0 3  ( C e l l  61512) - 

10. N2H4 ( i n  KOH) I N i (  Pd) 1 CEM I Z r  Phosphate  I P t  I "On ( C e l l  61507) 

The z i rconium phosphate  s e p a r a t o r  was i n c o r p o r a t e d  i n t o  C e l l  61507. An 
OCV o f  2 . 1  v o l t s  was ob ta ined ,  and the  c e l l  was r u n  a t  70 ma/cm2 and 
0.94 v o l t  a t  70°C b e f o r e  g r a d u a l  dec rease  i n  e l e c t r i c a l  per formance .  
A f t e r  3 hour s ,  l eakage  of  HN03 t o  t h e  anode was observed and the  c e l l  
was s h u t  down, Examinat ion showed d e t e r i o r a t i o n  of t h e  z i rconium 
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phosphate  l a y e r  i n  t h e  s e p a r a t o r  p robab ly  by b a s i c  a t t a c k .  T h i s  
m a t e r i a l  should have b e t t e r  a p p l i c a t i o n  i n  c e l l s  w i th  h y d r a z i n e  i n  
p~ 6-12 s o l u t i o n .  

Other  z i rconium phosphate  s e p a r a t o r s  were p repa red  by forming t h e  
p r e c i p i t a t e  i n  a s b e s t o s  s h e e t  or loose f i b e r s .  Subsequent  p r o c e s s i n g  
inc luded  washing o u t  of excess  a c i d ,  d ry ing ,  shredding ,  and p r e s s i n g  
i n t o  s h e e t  form. The r e s u l t i n g  s e p a r a t o r s  a l t h o u g h  in t eg ra l ,  were 
judged t o o  f r a g i l e  f o r  f u e l  c e l l  u s e .  

D.  CONCLUSIONS 

The ac id /base  f u e l  c e l l  p o s s e s s e s  a t t r a c t i v e  e l e c t r i c a l  o u t p u t  p e r -  
formance if a s u i t a b l e  ion-exchange membrane can be found t o  p r o v i d e  
e f f e c t i v e  s o l u t i o n  s e p a r a t i o n  ove r  a long p e r i o d  of t ime .  

The l i f e  of' commercial IEM's  p r e s e n t l y  a v a i l a b l e  can be extended from 
about  8 hours t o  a t  l e a s t  70 hours  f o r  t h e  HN03/N2H4-in-base sys tem.  
T h i s  improvement i n  l i f e  i s  ob ta ined  by employing a b u f f e r  l a y e r  of 
porous m a t e r i a l  between t h e  ca thode  and IEM. The porous  l a y e r  a p p a r e n t l y  
becomes loaded wi th  n e u t r a l i z a t i o n  p r o d u c t s  t h a t  s h i e l d  t h e  IEM 
from d i r e c t  a c i d  a t t a c k .  T h i s  i s  cons idered  new t echno logy .  

O f  t h e  s e v e r a l  commercial I E M ' s  t e s t e d  for HN03/N2H4-in-base f u e l  
c e l l  systems, none e x h i b i t  comple te ly  s a t i s f a c t o r y  q u a l i t i e s .  F u r t h e r  
t e s t s  a re  needed t o  c h a r a c t e r i z e  t h e  Permion 1010 membrane. 

Zirconium phosphate  i o n  exchange s e p a r a t o r s  f o r  f u e l  c e l l  use have 
been f a b r i c a t e d  and t e s t e d .  R e s u l t s  a r e  s t i l l  i n c o n c l u s i v e  b u t  s p e c i a l i z e d  
a p p l i c a t i o n s  appear  l i k e l y .  The method of f a b r i c a t i o n  and t h e  form of 
z i rconium phosphate  s e p a r a t o r s  a r e  cons idered  new t echno logy .  

E .  __. F'UTURE PROGRAMS 

(1) R e t e s t  Permion 1010 membrane 

( 2 )  Tes t  o t h e r  membranes as t h e y  a r e  o b t a i n e d .  

(3)  Make l i m i t e d  i n v e s t i g a t i o n  of z i rconium phosphate  s e p a r a t o r s ,  

( 4 )  Evaluate  c e l l s  w i t h  HN03 cathode,  N2H4 i n  pH 6-12 s o l u t i o n  
anodes.  
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I V .  MONOMETHYL HYDRAZINE REFORMING 

A. BACKGROUND 

The d e s i r a b i l i t y  of  monomethyl hydrazine (MMH) as a r o c k e t  f u e l  
has been w e l l  d e f i n e d  i n  p r e v i o u s  r e p o r t s  ( r e f .  9). S i n c e  no e f f i -  
c i e n t  MMH f u e l  c e l l  anode h a s  been found,  i t  i s  d e s i r a b l e  t o  f i r s t  
decompose MMH t o  hydrogen, n i t r o g e n ,  and carbon d i o x i d e .  

Kuhn ( r e f .  10) has d e s c r i b e d  t h e  c a t a l y t i c  r e d u c t i o n  of o r g a n i c  
n i t r o  compounds w i t h  MMH. 
p r o d u c t s  con ta ined  n i t r o g e n ,  methane, and e t h a n e ;  the  r e a c t i o n  
e v i d e n t l y  was : 

Using a 5% pa l l ad ium-cha rcoa l  c a t a l y s t ,  

2 R ' N O 2  + 5 C H 3 N 2 H 3  = 2 R ' N H 2  + 5 N 2  + 4 H 2 0  + 3 C H 4  + C 2 H s  

L iqu id  phase  decomposi t ion of  hydraz ine  t o  n i t r o g e n  and hydrogen 
has been r e p o r t e d  by T a n a t a r  ( r e f .  11) u s i n g  p l a t i n u m  b l a c k  as 
c a t a l y s t .  Under t h e  c o r r e c t  c o n d i t i o n s  i t  seems l i k e l y  t h a t  MMH 
w i l l  undergo a s i m i l a r  decomposition. 

The complete  decomposi t ion o f  MMH t o  n i t r o g e n ,  hydrogen, and carbon 
d i o x i d e  w i l l  r e q u i r e  e i t h e r  conver t ing  any methane formed t o  C 0 2  
or i n h i b i t i n g  the  fo rma t ion  of the methane i n  p r e f e r e n c e  t o  C 0 2 .  

B .  METHOD 

C o n s t r u c t i o n  was s t a r t e d  of a c a t a l y t i c  r e fo rmer  as  shown schemat- 
i c a l l y  i n  F i g u r e  16. The system c o n s i s t s  of a f e e d t a n k ,  pump, 
v a p o r i z e r ,  p r e h e a t e r ,  f o u r  i d e n t i c a l  r e a c t i n g  s e c t i o n s ,  a condenser ,  
and a s e p a r a t o r .  When the  u n i t  i s  i n  o p e r a t i o n ,  MMH and water w i l l  
be f e d  as l i q u i d s ,  

The r e a c t o r  s e c t i o n s  a r e  6 - i n .  l e n g t h s  o f  304 s t a i n l e s s  s t e e l  t u b -  
i n g ,  5/8 i n .  O . D .  w i t h  0.065 i n .  wa l l s .  The u s e  o f  t u b e  f i t t i n g s  
enables  t h e  e a s y  rep lacement  o f  a s e c t i o n  w i t h o u t  removal of  a l l  
f o u r  r e a c t i n g  s e c t i o n s .  Also, mixed c a t a l y s t  combinat ions and 
p r e l i m i n a r y  s c r e e n i n g  t e s t s  can be made e a s i l y .  Sampling l i n e s  
p r e c e d i n g  and f o l l o w i n g  t h e  r e a c t o r  s e c t i o n s  e n a b l e  an e v a l u a t i o n  
of e a c h  c a t a l y s t  t e s t e d  i n  a g iven  r u n .  

Heat i s  s u p p l i e d  by e l e c t r i c a l  h e a t i n g  t a p e  wrapped around the  
v a p o r i z e r ,  p r e h e a t e r ,  and c a t a l y s t  s e c t i o n s .  Thermocouples on a l l  
t h e  h e a t e d  s e c t i o n s  p l u s  two in-s t ream thermocouples  w i l l  f a c i l i t a t e  
c l o s e  c o n t r o l  of t empera tu re  throughout  t he  system. Cooling water 
w i l l  be used  to condense t h e  product  stream, l e a v i n g  C O 2 ,  N 2 ,  H 2 ,  
and any o t h e r  p roduc t  gases f o r  a n a l y s i s  by g a s  chromatography. 
P r e s s u r e  gages  and r e l i e f  v a l v e s  a r e  a l s o  i n c o r p o r a t e d  i n  t he  sys tem.  
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c . FUTURE PROGRAM (MONOMETHYL HYDRAZINE REFORMING) 

(1) Complete t h e  r e fo rmer  system. (The system i s  about  7576 
comple ted . )  

( 2 )  Opera te  the r e fo rmer .  

I (3) E v a l u a t e  c a t a l y s t s  such  as Pd, P t ,  N i ,  and o t h e r s  i n  combina- 
I t i o n s  and on d i f f e r e n t  suppor t s  such  a s  carbon,  a lumina,  and 

s i l i c a .  
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V. PALLADIUM-HYDROGEN DIFFUSION ELECTRODE 

A .  BACKGROUND 

The s o l i d  Pd hydrogen d i f f u s i o n  e l e c t r o d e  i s  a t t r a c t i v e  f o r  f u e l  
c e l l  systems u s i n g  hydrogen gas o r  materials t h a t  can be conve r t ed  
t o  hydrogen. The Pd  membrane no t  on ly  p r o v i d e s  an e l e c t r i c a l l y  
conduct ing e l e c t r o d e  b u t  a l s o  can absorb  and t r a n s f e r  hydrogen 
(and only hydrogen)  from t h e  f u e l  s ide  o f  t he  e l e c t r o d e  to t h e  
e l e c t r o l y t e  s i d e  f o r  u s e  as an anode f u e l .  Other  ma te r i a l s  cannot  
p e n e t r a t e  t h e  e l e c t r o d e ,  s o  s o l u b l e  f u e l s  such  as hydraz ine  can be 
r e s t r i c t e d  from t h e  e l e c t r o l y t e  compartment where t h e y  cou ld  d i f -  
f u s e  t o  and degrade t h e  ca thode .  A d e t a i l e d  d i s c u s s i o n  of t h e  
background of the  P d  d i f f u s i o n  e l e c t r o d e  was g iven  i n  t h e  l a s t  
q u a r t e r ' s  r e p o r t  ( r e f .  18) .  

The a c t i v a t i o n  of Pd  d i f f u s i o n  e l e c t r o d e s  by o x i d a t i o n  was de- 
s c r i b e d  i n  t h e  l a s t  q u a r t e r .  A c t i v a t i o n  was f u r t h e r  i n c r e a s e d  by 
p l a t i n g  w i t h  R h  b l a c k  b e f o r e  t he  o x i d a t i o n .  The c a t a l y t i c  a c t i o n  
produced by o x i d a t i o n  was also a t t r i b u t e d  t o  t he  t h i n  ox ide  f i l m ,  
which i s  a p- type semiconductor  ( c a t i o n  vacancy t y p e ) .  Heat 
t r e a t i n g  f o i l s  i n  a hydrogen atmosphere degraded t h e  e l e c t r o d e s  
by reducing  the  Pd oxide  c a t a l y t i c  f i l m .  

Durin the  second q u a r t e r ,  t he  e f f e c t  of a l l o y i n g  e l emen t s  w i t h  
Pd-25gAg e l e c t r o d e s  and  ox ides  of  these  e l emen t s  on t h e  perform- 
ance of  the d i f f u s i o n  e l e c t r o d e  were s t u d i e d .  M e t a l l o g r a p h i c  
examinat ion and e l e c t r o n  micro-probe a n a l y s e s  on t h e  c r o s s  s e c t i o n s  
of t h e s e  f o i l s  were made t o  de t e rmine  the  s t r u c t u r e  of t h e  e l e c -  
t r o d e s ,  p a r t i c u l a r l y  of t h e  d i f f u s i o n  l a y e r .  The Pd-Pt-Ag a l l o y  
was s t u d i e d  as a "03- re s i s t an t  H2 d i f f u s i o n  anode. The e f f e c t  of 
SO2 i n  t h e  o x i d i z i n g  atmosphere d u r i n g  Pd heat  t r e a t m e n t  was 
s t u d i e d .  S t u d i e s  of t he  e f f e c t  of p l a t i n g  R h  on t h e  Pd-25$Ag d i f -  
f u s i o n  e l e c t r o d e  were con t inued .  The s u b s t i t u t i o n  of PdO by t h e  
more s t a b l e  rhodium oxide  as a c a t a l y s t  was a t t empted .  L i f e  t e s t s  
of a number of d i f f u s i o n  e l e c t r o d e s  w i t h  v a r i o u s  t r e a t m e n t s  were 
made. 

B. EFFECT OF ALLOYING ELEMENTS 

1. C o n s t i t u t i o n  of Al loys  

Elements  s e l e c t e d  f o r  a l l o y i n g  w i t h  pa l l ad ium f o i l  were c l a s s i f i e d  
i n t o  t h e  fo l lowing  c a t e g o r i e s :  

a .  Valenc ies  of  t h e  most s t a b l e  metal  i o n s .  

High va lency  metals - Fe,  Ir, Ru, Th,  T i ,  Z r  
Low va lency  metals - A g ,  Cu, L i  
Bivalency metals - Co, Mg, N i ,  P t  
Alloys - Z r - N i ,  N i - C r  



( b )  Types of ox ides  formed by these  m e t a l s .  

n-Type semiconductor  - Fe(Fe203) , Mg(Mg0) , Th(Th02) , 

p-Type semiconductor  

T i ( T i O 2 )  , Zr( Z r 0 2 )  

Fe(FeO),  N i ( N i 0 )  
- Ag( Ag2'0) , Co( C O O )  , Cu( Cu20) , 

Amphoteric type  semi- 
conduc to r s  - Ir( Ir02) , Ru(Ru02)  , T i ( T i 0 ,  T i 2 O 3 )  

( c )  Thermal c h a r a c t e r i s t i c s  of hydrogen o c c l u s i o n  

Exothermic - Thy T i ,  Zr ( I r ,  Rh)* 
Endothermic - Ag, Coy Cu, Fey N i ,  P t  

B r i e f  d e s c r i p t i o n s  o f  t h e  b i n a r y  phase diagrams ( r e f .  1 2 )  of  t h e  
above e lements  w i t h  pa l l ad ium a r e  given i n  t h e  Appendix,  

2 .  P r e p a r a t i o n  of Alloy F o i l s  

S i n c e  we a r e  p r i m a r i l y  i n t e r e s t e d  i n  t h e  s u r f a c e  composi t ion of  t h e  
Pd-25$ Ag f o i l ,  a l l o y i n g  e lements  were d i f f u s e d  i n t o  t h e  s u r f a c e  
a f t e r  a p p l i c a t i o n  of t h e  a l l o y i n g  metal  by e l e c t r o p l a t i n g ,  vacuum 
evapora t ion ,  o r  compound decomposi t ion t e c h n i q u e s .  Deta i l s  of  t h e  
methods used t o  p r e p a r e  and heat t r e a t  a l l o y s  w i t h  Pd-25$ Ag f o i l s  
a r e  g i v e n  i n  t h e  Appendix. 
a l l o y i n g  e l emen t .  One e l e c t r o d e  was p l a t e d  on b o t h  s u r f a c e s ,  and 
t h e  o t h e r  two were p l a t e d  on only  one s i d e .  

Three e l e c t r o d e s  were p repa red  f o r  each  

3 .  Anodic P o l a r i z a t i o n  C h a r a c t e r i s t i c s  

P o l a r i z a t i o n  d a t a  have been determined by t h e  procedure  and w i t h  t h e  
c e l l  d e s c r i b e d  i n  t h e  f i r s t  q u a r t e r ' s  r e p o r t  ( r e f .  18) Hydrogen gas 
was the  f u e l  and 5 M  KOH t h e  e l e c t r o l y t e .  

a .  P l a t i n g  on Both  S i d e s  of t he  E l e c t r o d e  

Cur ren t  d e n s i t y - p o t e n t i a l  d a t a  for e l e c t r o d e s  a l l o y e d  on b o t h  s i d e s  
de te rmined  p o t e n t i o s t a t i c a l l y  a t  25, 60, and  90°C are  g iven  i n  Table  3 .  
Elements  i n  Table  3 a r e  a r r a n g e d  a s  fo l lows :  

(1) From No. 1 t o  No. 3: The f o i l  was a l l o y e d  a lmos t  un i formly  
a c r o s s  t h e  t h i c k n e s s .  

( 2 )  No. 4 and 5: Not uniform a l l o y i n g  a c r o s s  t h e  t h i c k n e s s ,  
b u t  s u f f i c i e n t l y  deep d i f f u s i o n  l a y e r  and c o n s i d e r a b l e  amount o f  
a l l o y i n g  e lement  n e a r  t h e  s u r f a c e  of t h e  f o i l .  

x 

U n c e r t a i n  about  thermal  c h a r a c t e r i s t i c s  and  p r a c t i c a l l y  a r e  no t  
hydrogen oc c l u d e r s  
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Tab le  3 

ANODIC CURRENT DENSITIES, rna/crn2, FOR Pd-25%Ag ELECTRODES 
WITH DIFFUSED ALLOYING ELEMENTS 

Elec t rode :  0 .001- in .  Pd-25%Ag f o i l  d i f f u s e d  w i t h  

E l e c t r o l y t e :  5M KOH 
an a l l o y i n g  element on b o t h  s i d e s .  

F u e l  : H 2  gas 

OCP" 
V 

O v e r p o t e n t i a l  ( q )  v s  HE** 
0 .1  0 .2  0.3 0 . 4  0 . 5  

Temp 
Metal O C  

0 . 1  0.25 0.6 1 .3  2.6 
0.25 0.95 2 .4  4.6 8.8 

10 .0  0 . 4  1.3 3 . 2  5.8 

Fe 25 
60 

0.09 
0.03 
0.03 90 

cu  25 
60 

0.74 
0.74 
0.68 

None 
None 
None 90 

Ag 25 
60 
90 

0.24 m0.3 0.8 1.7 2 .5  
4.5 6.2 7.4 8 . 2  
8.0 11.0 13.0 14.5 

0.13 
0.16 

c o  25 
60 
90 

0.00 
0.00 
0.00 

1.1 9.5  27.5 52 72 
8.0 23.0 40 58 
19.0 26.0 51 70 

1 . 5  
6.6 

0.06 
0.09 
0.04 

<1.0 1.5 4 . 0  9 .0  
0.9 2.6 6.8 15.0 
2 . 0  6 .5  1 4 . 0  32.0 

N i  25 
60 
90 

0.06 
0.04 
0.12 

0.8 1 .6  3.1 5.0 - 
- 

0.8 
1.3 2.6 4.0 
1 .3  2 . 3  3.6 

5.6 
5 .5  90 

0 . 4  0.00 1.8 5 .6  10.0 16.5 

24 40 63 100 
52 90 140  225 

100 180 330 (400 a t  
q=O. 4 3 ~  ) 

R h  25 
60 
90 

0.00 
0.00 
0.00 

10 
22 
40 

18 50 93 145 200 
40 80 120 170 
50 93 130 200 

Ir 25 
60 
90 

0.00 
0.03 
0.03 
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Table  3 (cont inued)  

ANODIC CURRENT DENSITIES, ma/cm', FOR Pd-25$Ag ELECTRODES 
WITH DIFFUSED ALLOYING ELEMENTS 

Met a1 

P t  

Mg 

T i  

Z r  

Th 

Z r - N i  

N i - C r  
(80-20) 

None 

Temp 
O C  

25 
60 
90 

25 
60 
90 

25 
60 
90 

25 
60 
90 

25 
60 
90 

25 
60 
90 

25 
60 
90 

25 
60 
90 

OCP" 
v 

0.00 
0.00 
0.00 

0.00 
0.00 

- 

0.01 
0.01 
0.02 

0.02 
0.00 
0.02 

0.00 
0.00 
0.00 

0.05 
0.02 
0.02 

0.03 
0.03 
0.03 

0.02 
0.02 
0.02 

O v e r p o t e n t i a l  (q) v s  HE** 
0.1 0.2 0.3 - 0.4  0.5 

42 
90 

140 

1 . 4  
0.8 

4 
7 

15 

0.45 
2.7 

11.2 

1 .5  
1.8 
8 . 2  

1.65 
2.9 
8 

0.13 
0.52 

- 

- 

1.3 
1 . 0  
3.8 

96 
160 
37 0 

5.0 
1 .6  
- 

14  
22 
52 

16.5 
26.5 

12.5 
43  

4.8 

7.6 

5 .1  
1 4  
31 

0.12 
0.54 
1 .7  

3.2 
4 . 0  

14.5 

170 210 
270 340 

(400 a t  q=O.23v) 

9.8 - 
- 

42 

100 
49 

8 . 4  
21.0 
28.5 

23 
44 
88 

15 
42 
60 

0.28 
1.18 
3.1 

8.0 
9.4 

23.5 

15.0 - 
- 

82 
102 
195 

13.5 
26.5 
40 

61 
78 

135 

45 
120 
120 

0.55 
1 .6  
3.7 

16.0 
19.0 
4 4 . 0  

* Open C i r c u i t  P o t e n t i a l  v s  HE. 

** Hydrogen e l e c t r o d e  p o t e n t i a l  i n  t h e  same e l e c t r o l y t e  
and a t  t h e  same t empera tu re .  
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250 
370 

21.5 - 
- 

155 
205 
350 

26 
46 
90 

140 
170 
250 

120 
235 
270 

1.1 
2.4  
5 .1  

40.0 
49.0 

115.0 



( 3 )  From No. 6 t o  No. 9: Large amounts of t he  a l l o y i n g  element  

( 4 )  From No, 10 t o  No. 13: Smal l e r  amounts of a l l o y i n g  element  

( 5 )  No, 14 and 15: 

were depos i ted ,  b u t  a deep d i f f u s i o n  l a y e r  was no t  formed. 

were depos i t ed  by vacuum e v a p o r a t i o n .  

Al loy  d e p o s i t i o n  by vacuum e v a p o r a t i o n ,  

Within each group above, the  e lements  were a r r a n g e d  accord ing  t o  
t h e  p e r i o d i c i t y  of e l emen t s .  

b .  P l a t i n g  on One S i d e  of t he  E l e c t r o d e  

Anode c u r r e n t  d e n s i t y  o f  t h e  f o i l s  p l a t e d  on one s ide  a t  the  ove r -  
p o t e n t i a l  o f  0.5 v v s  HE a r e  g iven  i n  Table  4 .  

During the  d e t e r m i n a t i o n  of p o l a r i z a t i o n  c h a r a c t e r i s t i c s ,  a k i n d  of 
o v e r s a t u r a t i o n  was observed  on some e l e c t r o d e s ,  p a r t i c u l a r l y  on t h o s e  
t h a t  showed good performance a t  room t e m p e r a t u r e .  Such e l e c t r o d e s  
c a r r i e d  very h igh  c u r r e n t  d e n s i t i e s  a t  e l e v a t e d  t empera tu res ,  and, 
a s  t h e  c u r r e n t  d e n s i t y  was f u r t h e r  i n c r e a s e d ,  t h e  c u r r e n t  dropped 
s i g n i f i c a n t l y  and then  i n c r e a s e d  a s  t h e  p o l a r i z a t i o n  i n c r e a s e d .  
o v e r s a t u r a t i o n  was perhaps  due to a slow recove ry  o f  a s e v e r e  con- 
c e n t r a t i o n  g r a d i e n t  of  H2 caused by h igh  c u r r e n t  p o l a r i z a t i o n  a t  
l ower  t empera tu re .  Before  a t t a i n i n g  e q u i l i b r i u m  w i t h  H2 a t  t h e  h i g h e r  
tempera ture ,  t h e  e l e c t r o d e  could  c a r r y  h i g h e r  c u r r e n t  d e n s i t i e s  t h a n  
t h o s e  under t h e  e q u i l i b r i u m .  T h i s  phenomenon was more n o t i c e a b l e  
f o r  e l e c t r o d e s  t h a t  were p l a t e d  on t h e i r  f u e l  s ides .  A t y p i c a l  
curve f o r  an e l e c t r o d e  t h a t  was p l a t e d  w i t h  R h  on t h e  f u e l  s ide  i s  
shown i n  F igure  17. One of t h e  e l e c t r o d e s  showing o v e r s a t u r a t i o n  
was immediately p o l a r i z e d  downward ( f r o m  h igh  to low c u r r e n t )  a f t e r  
t h e  upward p o l a r i z a t i o n  curve  was r e c o r d e d .  The con t inuous  downward 
curve i s  shown a s  curve  D i n  F igu re  17. 

The 

4 .  Discuss ion  and Conclus ions  

Our o r i g i n a l  p l a n  f o r  t h i s  s t u d y  was t o  a l l o y  Pd-2.5% Ag w i t h  metals 
t h a t  c o u l d  be p l a t e d  on t h e  s u r f a c e  o f  t h e  f o i l  and heated to promote 
a l l o y  formation by d i f f u s i o n .  These e l e c t r o d e s  would  t h e n  be used  
to determine t h e  e f f e c t  of a l l o y i n g  w i t h  a t h i r d  component upon t h e  
p o l a r i z a t i o n  c h a r a c t e r i s t i c s  o f  t h e  e l e c t r o d e  when used as a H2 anode.  
Some elements ,  su.ch a s  Ag, Cu, Fe, Co, and N i ,  d i f f u s e d  r a p i d l y  enough 
i n t o  t h e  Pd-25% Ag f o i l  to form a d e f i n i t e  a l l o y  l a y e r ,  a l t h o u g h  some 
of t h e  unal loyed element  was l e f t  on t h e  s u r f a c e  of t h e  e l e c t r o d e s .  
Such elements as P t ,  Ru, and Rh ,  however, d i f f u s e d  so s lowly  t h a t  
a compara t ive ly  t h i n  d i f f u s i o n  l a y e r  was formed on t h e  f o i l ,  and the  
m a j o r i t y  of t h e  e lements  remained on t h e  f o i l  s u r f a c e .  A c o n s i d e r a b l e  
amount of Pd a c t u a l l y  d i f f u s e d  i n t o  t h e  d e p o s i t e d  l a y e r .  Other  groups  
of e lements ,  Mg, T i ,  Zr, and Th, were d e p o s i t e d  i n  sma l l  q u a n t i t i e s  
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Table 4 

Metal 

None 

Fe 

c u  

Ag 

co  

N i  

Ru 

Rh 

Ir 

P t  

M g  

T i  

Zr 

Th 

N i  -Zr 

N i - C r  

EFFECT OF ALLOYING ON ONE SIDE OF THE 
Pd-25$ Ag DIFFUSION ELECTRODE 

(Anodic current  dens i t i e s  rna/crn2 a t  0.5 v o l t  v s  HE) 

Electrode: 
Elec t ro ly te  : 
Fuel : 
Temp : 

0.001-in. Pd-25$ Ag f o i l  a l loyed 
5M KOH 
H2 gas 
25Oc 

P l a  t ing 
Fuel Side Elec t ro ly te  Side 

40.0 

11 .o 
2 .6  

3.9 

140.0 

110.0 

110.0 

40.0 

65.0 

0.1 

3 93 
8 .O 

34.0 

44 .O 

25.0 >400.0 

180.0 

210.0 

110.0 

80.0 

36.0 

115 .O 

27 .O 

17 .o 

240.0 

38.0 

66.0 

125.0 

43.0 

155.0 

170.0 

3.3 
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1000 

100 

10 

1 

I I I I I I 

/ 

/ A 

/ Fuel  S ide  a t  g O p C  

/ C :  P d - 2 5 5 A g  w i t h  R h  
b l a c k  on E l e c t r o l y t e  / Side  a t  3 0 ° C  

D:  Downward p o l a r i z a t i o n  
curve of the specimen B 

A , B , C :  Upward p o l a r i z a t i o n  
cu rves  

I I I I I 

0 . 1  0 . 2  0 . 3  0 . 4  0 .5  0.6 0 
O v e r p o t e n t i a l  v s  I-IE 

Figure 17. E f f e c t  of Al loying  Pd-25SAg E l e c t r o d e  With 
R h  on Anodic P o l a r i z a t i o n  
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on t h e  s u r f a c e  o f  t h e  f o i l  b u t ,  s i n c e  these e lements  were O2 get te rs ,  
t h e y  were o x i d i z e d  by t r a c e s  of 02 i n  a rgon  b e f o r e  s u f f i c i e n t  d i f -  
f u s i o n  o c c u r r e d .  With t he  above c o n s i d e r a t i o n s  i n  mind, c e r t a i n  
g e n e r a l  c o n c l u s i o n s  r e g a r d i n g  t h e  e f f e c t  of added e l emen t s  on p o l a r i -  
z a t i o n  behav io r  of t h e  Pd-25$ Ag system can be made: 

(1) Al loy ing  w i t h  low va lency  meta ls  (Ag and Cu) i s  unfavorab le  
t o  anod ic  p o l a r i z a t i o n  c h a r a c t e r i s t i c s .  

( 2 )  Improvement of p o l a r i z a t i o n  c h a r a c t e r i s t i c s  i s  o b t a i n e d  by 
a l l o y i n g  w i t h  h igh  va lency  m e t a l s  (Ir, Rh, Ru, P t ,  T i ,  and R h ) ,  

(3)  Al loy ing  o f  exothermic  hydrogen o c c l u d e r s  improved t h e  
e l e c t r o d e  per formance ,  

( 4 )  An i n c r e a s e  i n  t empera tu re  dec reased  p o l a r i z a t i o n .  

( 5 )  The e f f e c t  of  a l l o y i n g  on t h e  f u e l  s i d e  i s  independent  of 
t h e  e f f e c t  on t h e  e l e c t r o l y t e  s i d e ,  

( 6 )  Al loy ing  on t h e  f u e l  s i d e  of t h e  e l e c t r o d e  does no t  s i g n i f i -  
c a n t l y  change t h e  s l o p e  o f  t h e  s t r a i g h t  p o r t i o n  of t h e  p o l a r i z a t i o n  
cu rve  of t h e  Pd-25$ Ag f o i l  w i t h  no p l a t i n g ,  and c u r v e s  a r e  approx i -  
ma te ly  p a r a l l e l .  Al loying  on t h e  e l e c t r o l y t e  s ide  changed b o t h  s l o p e  
and height  of t h e  p o l a r i z a t i o n  curves of  Pd-25$ Ag e l e c t r o d e ,  as 
shown i n  F i g u r e  17. 

of t he  Pd-25$ A g  d i f f u s i o n  e l e c t r o d e  were: 
( 7 )  Some of  t h e  best  e lements  t o  improve t h e  anodic  p o l a r i z a t i o n  

Fuel  s i d e :  Pt, Ir, and Co 
E l e c t r o l y t e  s ide :  Rh, Ir, and N i - Z r  
Both  s ides  t o g e t h e r :  P t ,  Rh, and  Ir 

C .  EFFECT OF MIXED OXIDES ON SURFACE CATALYSIS 

1. Background 

The o r i g i n a l  p l a n  f o r  Pd-25$ Ag e l e c t r o d e  c a t a l y t i c  t r e a t m e n t  was 
t o  t e s t  t h e  e f f e c t  on e l e c t r o d e  performance o f  add ing  a t h i r d  
metal t o  t he  PdO l a y e r ,  a c c o r d i n g  t o  t h e  concep t s  t h a t  c a t i o n  
vacancy s i tes  i n  the  PdO layer  a c t  c a t a l y t i c a l l y ,  and a change o f  
c o n c e n t r a t i o n  of v a c a n c i e s  caused  by t h e  p re sence  of a f o r e i g n  meta l  
s h o u l d  a f f e c t  t he  e l e c t r o d e  performance,  However, s i n c e  t h e  amount 
o f  PdO i s  s o  sma l l ,  i t  i s  a lmost  imposs ib le  to c o n t r o l  t h e  amount of 
added element  t o  the  PdO s u r f a c e .  Consequent ly ,  a n  improved t echn ique  
would be t o  p l a t e  much more of t h e  added meta l  t h a n  t h e  f i n a l  amount 
of  PdO s u r f a c e  c o a t i n g .  The p l a t e d  s u r f a c e  would then  be hea ted  t o  
form mixed ox ides  of Pd and t h e  added metal, w i t h o u t  a p p r e c i a b l e  d i f -  
f u s i o n  o f  t h e  metal  i n t o  t h e  Pd-25$ Ag f o i l .  
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2. Elec t rode  P r e p a r a t i o n  

Pd-25$ Ag f o i l  was annea led  i n  a n  a rgon  atmosphere f o r  two hours  
a t  850°C and t h e n  ox id ized  i n  a i r  f o r  two hours  a t  700°C. 
meta l  was then  depos i t ed ,  e i t h e r  by e l e c t r o p l a t i n g  o r  by vacuum 
d e p o s i t i o n .  
hours  a t  700°C. It was hoped t h a t  t h e  l a s t  t empera ture  f o r  t h e  
f i n a l  o x i d a t i o n  was n o t  h igh  enough t o  a l low s u b s t a n t i a l  d i f f u s i o n  
o f  the  depos i t ed  meta l  i n t o  t h e  f o i l ,  s i n c e  t h e  PdO l a y e r  cou ld  a c t  
a s  a d i f f u s i o n  b a r r i e r .  

A t h i r d  

F i n a l l y ,  t h e  f o i l  was a g a i n  o x i d i z e d  i n  a i r  f o r  two 

The e x a c t  c o n d i t i o n  of t h e  s u r f a c e  was determined by m e t a l l o g r a p h i c  
and microprobe a n a l y s e s .  The amount of metal d e p o s i t e d  was approx i -  
mate ly  0.1 mg/cm2 by e l e c t r o p l a t i n g  and 0.01 mg/cm2 by vacuum 
evapora t ion .  

3 .  P o l a r i z a t i o n  C h a r a c t e r i s t i c s  

Table 5 g i v e s  anodic  p o l a r i z a t i o n  c h a r a c t e r i s t i c s  of t h e  e l e c t r o d e s  
p l a t e d  on b o t h  s ides  w i t h  t h i r d  m e t a l s  and ox id ized ,  t o g e t h e r  w i t h  
da ta  on a c o n t r o l  e l e c t r o d e  w i t h  no p l a t i n g .  Elements  i n  Table  5 
were a r ranged  accord ing  t o  t h e i r  chemical  p e r i o d i c i t y .  Elements  
t h a t  belong to t h e  same p e r i o d i c  group were a r r anged  a c c o r d i n g  t o  
t h e i r  molecular  weights .  

Table  6 g i v e s  anod ic  p o l a r i z a t i o n  c h a r a c t e r i s t i c s  of t h e  e l e c t r o d e s  
p l a t e d  e i t h e r  on t h e  f u e l  s i d e  o r  on t h e  e l e c t r o l y t e  s i d e  a l o n e  i n  
terms of c u r r e n t  d e n s i t y  a t  a n  o v e r p o t e n t i a l  0.5 v v s  HE a t  3 0 ° C .  

During t h i s  s e r i e s  o f  t e s t s ,  t h e  o v e r s a t u r a t i o n  phenomenon d i s c u s s e d  
i n  t he  previous  s e c t i o n  was observed on anodic  p o l a r i z a t i o n  cu rves  
o f  a lmost  a l l  e l e c t r o d e s  excep t  t h e  e l e c t r o d e s  c o a t e d  w i t h  Mg. The 
phenomenon was p a r t i c u l a r l y  s i g n i f i c a n t  on the  e l e c t r o d e s  c o a t e d  
on t h e  f u e l  s i d e .  

4 .  Discuss ion  and Conclus ions  

Data  f o r  the  e f f e c t  o f  mixed ox ides  as  s u r f a c e  c a t a l y s t s  were more 
c o n s i s t e n t  t h a n  t h o s e  f o r  t h e  a l l o y e d  e l e c t r o d e s .  The r e a s o n  i s  
perhaps  t h a t  approximate ly  t h e  same amount of  metal was on t h e  e l e c -  
t r o d e  s u r f a c e  r e g a r d l e s s  of whether  metals were o x i d i z e d  or no t ,  s i n c e  
no d i f f u s i o n  took  p l a c e  d u r i n g  the  h e a t  t r e a t m e n t .  However, t h e  
s u r f a c e  c o n c e n t r a t i o n  of these me ta l  ox ides  v a r i e d  because of d i f -  
f e r e n t  r a t e s  of  o x i d a t i o n  of some metals.  Those e lements  t h a t  were 
e l e c t r o p l a t e d  migh t  be p r e s e n t  i n  t o o  g r e a t  c o n c e n t r a t i o n s  on t h e  
s u r f a c e s ,  s i n c e  i t  i s  b e l i e v e d  t h a t  a c a t a l y s t  c o a t i n g  should  be 
ve ry  t h i n .  An excess  of ox ide  i n h i b i t s  good p o l a r i z a t i o n  c h a r a c t e r i s -  
t i c s  because o f  poor  e l e c t r i c a l  conductance and p o s s i b l y  slow d i f  - 
f u s i o n  of H2 th rough t h e  oxide  l a y e r .  



Table 5 

ANODIC CURRENT DENSITIES, ma/cm2, FOR Pd-25$Ag ELECTRODES 
COATED WITH OTHER METAL OXIDES 

Metal 

L i  

Mg 

Ti 

Zr 

Th 

c o  

N i  

Ru 

E lec t rode :  

E lec t ro ly te  : 
Fue l  : 

Temp 
"C 

25 
60 
90 

30 
60 
90 

30 
60 
90 

30 
60 
90 

30 
60 
90 

30 
60 
90 

30 

60 
90 

30 
60 

90 

OCP* 
V 

0.64 

0.01 

0.00 
0.00 
0.00 

0.00 
0.00 
0.00 

0.03 

0.03 

0.03 
0.03 

0.00 
0.00 
0.00 

0.06 
0.06 
0.06 

0.00 

0.00 
0.03 

0.00 
0.00 

0.00 

0.001-in.  Pd-25$Ag f o i l  w i t h  
ano the r  metal oxide on b o t h  s ides .  
5M KOH 
H2 gas 

Overpotential  i q j  v s  HE** 
0 .1  0 .2  0 .3  

none 
3.1 

10.0 

1.9 
3.3.  
5.7 

0.9 
10 
34 

0.46 
4 

13 

0.9 
2.0 
2 .4  

2.0 
1 .7  
3.3 

4 . 2  

8 . 4  
17 

11.5 
16.5 

42  

- 

49 

- 
- 

11.5 
29.0 

6.0 
1 1 . 2  
14.5 

5.7 
32 
8 2  

2.8 
10 
32.5 

5 * 6  
5.0 
7.6 

18.5 
10.5 
24 

17 

40 
8 2  

38 
60 

155 

- 
30 
60 

12.0 
17.0 
24.5 

18.5 
36.5 
68 

9 . 3  
16 
34 

16 
11.0 
13.5 

37 
30 
38 

54 

160 
260 

94 
125 

390 

- 
54 
60 

19.5 
27.0 
37.5 

32 
34 
60 

25 
18.5 
47 

29 
18.0 
18.5 

62 
4 8  
62 

210 

- 
57 
60 

28 
37 
48  

57 
56 
4 2  

58 
60 
105 

50 
40  
29 

83 
67 
86 

(400 a t  
q=O. 45v ) 

(400 at q=0.38v 
(400 a t  q=0.33v 

195 380 
28 0 (400 a t  

(400 a t  q=0.31v 
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T a b l e  5 ( c o n t i n u e d )  

A N O D I C  CURRENT DENSITIES, ma/cm2, FOR Pd-25$Ag ELECTRODES 
COATED WITH OTHER METAL OXIDES 
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L 

Metal 

Rh 

P t  

cu  

Z r - N i  

N i - C r  

None 

Temp 
O C  

OCP" 
V 

30 
60 
90 

30 
60 
90 

30 
60 
90 

30 
60 
90 

30 
60 
90 

25 
30 
60 
90 

0.00 
0.00 
0.00 

0.02 

0.03 

0.24 
0.11 

0.03 

0.17 

0.00 
0.00 
0.03 

0.06 
0.06 
0.06 

0.02 
0.02 
0.02 
0.02 

O v e r p o t e n t i a l  (q) vs HE** 
0.1 0.2 0.3 0.4 0.5 - 

38 
74 

22 
26 
43 

- 
- 
0.9 

1.3 
2.0 
11 

0.13 
0.9 
7.6 

1.3 
0.5 
1.1 
3.8 

fl - - - 
83 155 210 300 
130 195 260 360 

(400 a t  n=0.08 v )  

* Open C i r c u i t  P o t e n t i a l  

** Hydrogen e l e c t r o d e  p o t e n t i a l  i n  t h e  same s 
and a t  t he  same t empera tu re .  

50 
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68 
100 
140 

- 
- 
2.6 

7.7 
10 
40 

0.63 
2.4 
15.5 

3.2 
2.8 
4.0 
14.5 

200 
300 
310 

2.3 
3.7 
7.8 
24 
28 
83 
1.8 
4.0 
11.0 

8.0 
8.4 
9.4 
23.5 

* Open C i r c u i t  P o t e n t i a l  

** Hydrogen e l e c t r o d e  p o t e n t i a l  i n  t h e  same s 
and a t  t he  same t empera tu re .  

50 

(400 a t  q=0.37v) 
(400 a t  q=0.37v) 
(400 a t  q=O.33v) 

4.3 10.5 
9 .0  18.5 
12.5 19.0 

56 100 
64 115 
130 220 

3.8 8.0 
10.0 5.5 

12.0 22.5 

16.0 40.0 
19.0 42.0 
19.0 49.0 
44.0 115.0 

o l u t  i o n  

0 
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Because of v a r i o u s  amounts of ox ides  of  t h e  i n d i v i d u a l  me ta l s ,  t h e  
t r u e  mechanism of t h e  c a t a l y t i c  a c t i v i t y  o f  t h e s e  me ta l  ox ides  i s  
not  c l e a r l y  unders tood .  However, t h e r e  a r e  some i n d i c a t i o n s  of 
c o r r e l a t i o n  of  t h e  c a t a l y t i c  a c t i v i t y  w i t h  t h e  fundamental  n a t u r e  
of t h e  elements,  t h a t  is; t h e  " p e r i o d i c i t y "  o f  t h e  e lements ,  a s  shown 
i n  F igu re  18. 

The fo l lowing  e m p i r i c a l  o b s e r v a t i o n s  of g e n e r a l  e f f e c t s  of mixed 
ox ides  on e l e c t r o d e  performance were made a f t e r  examining t h e  d a t a  
i n  Tables  5 and 6, a l t h o u g h  the re  are  a sma l l  number of e x c e p t i o n s ,  

(1) Elements t h a t  s t r o n g l y  a c t i v a t e  t h e  e l e c t r o l y t e  s i d e  a r e  t h e  
bes t  c a t a l y s t s  when p l a t e d  on bo th  s ides  of t h e  e l e c t r o d e ,  
a l though they  were no t  t h e  bes t  a c t i v a t o r s  on t h e  f u e l  s i d e  
( N i ,  P t ,  Rh, and Ru) . 

( 2 )  Oxides o f  t h e  p- type semiconductors  were b e t t e r  a c t i v a t o r s  t h a n  
t h o s e  o f  n- type semiconductors  when t h e  m e t a l s  were p l a t e d  on 
b o t h  sides of  t h e  e l e c t r o d e  o r  on the  e l e c t r o l y t e  s i d e  o n l y .  

p - type  semiconductor  group : N i ,  Coy P t ,  Rh, and Ru (Amphoter ic  
Ru02 cou ld  a c t  a s  a c a t i o n  vacancy 
type  o x i d e )  

n-type semiconductor  group:  Mg, Zr, T i ,  Thy and C r .  

(3 )  Some n-type semiconductor  o x i d e s  improved t h e  anodic  p o l a r i -  
z a t i o n  o f  Pd-25%Ag e l e c t r o d e s  when they  were p l a t e d  on one 
s i d e  of  t h e  e l e c t r o d e ,  on ly  one p a r t i c u l a r  s ide  ( T i  on e l e c t r o l y t e  
s i d e )  o r  even b o t h  s ides  i n d i v i d u a l l y  (Mg and T h ) .  
when the  e l e c t r o d e s  were p l a t e d  w i t h  t h e s e  m e t a l s  on b o t h  s i d e s ,  
nega t ive  o r  no e f f e c t s  r e s u l t e d .  

s i n c e  meta ls  p l a t e d  d i d  n o t  d i f f u s e  i n t o  t he  f o i l  and s t a y e d  
on t h e  s u r f a c e  e i t h e r  as t h e  o x i d e s  o r  a s  a powdery d e p o s i t .  

( 5 )  Valency o f  e lements  might  a f f e c t  p o l a r i z a t i o n  c h a r a c t e r i s t i c s  t o  
some e x t e n t ,  b u t  t he  e f f e c t s  m u s t  be  minor.  

(6)  Some of t h e  bes t  oxides  t o  improve t h e  anodic  p o l a r i z a t i o n  of 
Pd-25% Ag d i f f u s i o n  e l e c t r o d e s  were : 

However, 

( 4 )  Thermal c h a r a c t e r i s t i c s  of hydrogen o c c l u s i o n  have no e f f e c t s ,  

Fue l  s i d e :  T h y  Cu, Ru, and Mg 
E l e c t r o l y t e  s i d e :  N i ,  P t ,  and R h  
Both s i d e s  t o g e t h e r :  P t ,  Rh, Ru, and N i  



Form of 
Hydrogen 
Uptake 

I Period I 
+ 1st ser ies  t r a n s i t i o n  m e t a l s  

I 
I 

2nd series t r a n s i t i o n  metals I I --I)-- 

--b-. 3 r d  series t r a n s i t i o n  m e t a l s  
I 
I 

Met a1 1 IC I I 
I S a l t l i k e  Hydride Hydride No I I Formation -Formation-, ~ S o l i d  S o l u t i o n  , Abeorpt iq? IVB 

I 1 -  1 -  
CO-v' l e n t  t y p e  
Hydr de  Fdrmatlon I I 

e x q t  hermic endo t hermic fxothermir l  
I 
I t i c s  of I '  

Thermal 
C h a r a c t e r i s -  

Hydrogen 
Absorp t ion  I 

L 
I Amount of 

Hydrogen 
Uptake I 

I 
I 
I 

kn 1 n i m u  m -g---~ 
I increase 

i n c r e a s e  

5 P e  of I I 
I -  t' 

I I 
C a t a l y t i c  I I 

n-type P-tYPe Semiconductor( 
Oxide 1 -  

A c t i v i t y  of Fuel  S ide  - , _ E l e c t r o l y t e  S i d e  4 
Metal  Oxide I 
on Pd-Ag F o i l  o r  Both S i d e s  

1 '  Some A c t i v i t y  
on F u e l  S i d e  

F i g u r e  18. Some P e r i o d i c  C h a r a c t e r i s t i c s  of  T r a n s i t i o n  Metal  Elements 
Rela ted  w i t h  Hydrogen D i f f u s i o n  E l e c t r o d e  
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D .  METALLOGRAPHIC STUDIES AND DETERMINATION OF THICKNESS OF THE 
DIFFUSION  LAY^ 

Metallographic  examinat ions  and e l e c t r o n  microprobe a n a l y s e s  were made 
on c r o s s  s e c t i o n s  of  Pd-25% Ag e l e c t r o d e s  t h a t  were p l a t e d  on e i t h e r  
one s i d e  o r  b o t h  s i d e s  w i t h  o t h e r  e l emen t s .  

One set  of f o i l s  was d i f f u s i o n  t r e a t e d  i n  a rgon  f o r  2 hours  a t  850°C 
b e f o r e  o x i d a t i o n  t r e a t m e n t  i n  a i r  f o r  2 hours  a t  700°C. The o t h e r  
s e t  of  f o i l s  was annea led  a t  850"c and t h e n  o x i d i z e d  i n  a i r  f o r  2 hours  
a t  700°C before  p l a t i n g ,  and a g a i n  o x i d i z e d  i n  a i r  f o r  2 hours  a t  
700°C a f t e r  p l a t i n g .  Me ta l log raph ic  examinat ion  and e l e c t r o n  micro-  
probe  ana lyses  were made a f t e r  t h o s e  f o i l s  were t e s t e d  f o r  anodic  
p o l a r i z a t i o n .  

1. Metal lography 

Meta l lographic  examinat ions  showed a d r a s t i c  change o f  s t r u c t u r e  on 
t h o s e  e l e c t r o d e s  t h a t  were p l a t e d  and d i f f u s e d  w i t h  r a p i d  d i f f u s i n g  
e lements  such as Fey Cu, and  Co. These m a t e r i a l s  showed f i n e l y  d i v i d e d  
i n t e r m e t a l l i c  c r y s t a l  s t r u c t u r e s .  The f o i l  p l a t e d  and d i f f u s e d  w i t h  
N i  a l s o  showed a s i g n i f i c a n t  change.  On t h e  o t h e r  hand, t h e  f o i l s  
p l a t e d  and d i f f u s e d  w i t h  s l o w  d i f f u s i n g  e lements  showed almost  t h e  
same s t r u c t u r e  a s  t h a t  o f  Pd-25% Ag. P l a t e d  s i l v e r  d i f f u s e d  i n t o  t h e  
f o i l  r a p i d l y  b u t  d i d  n o t  s i g n i f i c a n t l y  change t h e  s t r u c t u r e ,  s i n c e  
pa l l ad ium and s i l v e r  f o r m  a cont inuous  se r ies  of s o l i d  s o l u t i o n s .  
The f o i l s  p l a t e d  by vacuum evapora t ion  a l s o  showed no v i s i b l e  change 
on t h e  s t r u c t u r e .  

The f o i l s  p l a t e d  and o x i d i z e d  w i t h o u t  d i f f u s i o n  t r e a t m e n t  d i d  n o t  
change t h e  s t r u c t u r e  of t h e  f o i l ,  i n d i c a t i n g  t h a t  m e t a l s  and  a l l o y s  
p l a t e d  were o x i d i z e d  w i t h o u t  s i g n i f i c a n t  d i f f u s i o n ,  

The f o i l  p l a t e d  and d i f f u s e d  w i t h  rhodium showed numerous microcracks  
a c r o s s  t h e  f o i l .  T y p i c a l  m e t a l l o g r a p h i c  photographs  a r e  shown i n  
F i g u r e s  19 to 2 4 .  

2 .  E l e c t r o n  Microprobe Analyses" 

Microprobe examinat ion of Pd-25% A g  f o i l s  t h a t  were p l a t e d  and d i f f u s e d  
w i t h  o t h e r  me ta l s  i n d i c a t e d  t h a t  t h e  r a t e s  of d i f f u s i o n  were ex t r eme ly  
d i f f e r e n t  from one element  to a n o t h e r ,  r e s u l t i n g  i n  v a r i o u s  t h i c k n e s s e s  
i n  t h e  d i f f u s i o n  l a y e r s .  D i f f u s i o n  r a t e s  for Cu, Coy and Fe were v e r y  
f a s t ,  r e s u l t i n g  i n  uniform a l l o y i n g  of approximate ly  10% of t h e  f o i l  
t h i c k n e s s .  A sma l l  amount of e x c e s s  Cu, Co, and Fe remained on t h e  
s u r f a c e ,  which i s  b e l i e v e d  to be o x i d i z e d  du r ing  t h e  h e a t  t r e a t m e n t .  
The t h i c k n e s s  of  t h e  d i f f u s i o n  l a y e r  of Pd i n t o  the  e x c e s s  me ta l  l a y e r  
was abou t  2y ( 1 ~  = cm) f o r  Cu, ly f o r  Coy and  a b o u t  0 . 5 ~  f o r  Fe .  

~~ ~~ ~ - ~~ ~ * 
E l e c t r o n  microprobe a n a l y z e r  Model J X A - 3 A ,  J apan  E l e c t r o n  Op t i c s  
Lab, Co.,  Tokyo, Japan  
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D i f f u s i o n  of N i  was somewhat s l o w e r  than  t h a t  of Cu, Fe,  or Pd. 
The t h i c k n e s s  of  t h e  d i f f u s i o n  l a y e r  was abou t  lC$, and t h e  h i g h e s t  
c o n c e n t r a t i o n  of N i  i n  t h e  f o i l  was abou t  5$, r e s u l t i n g  i n  a con- 
s i d e r a b l e  amount of  una l loyed  N i  on t h e  e l e c t r o d e  s u r f a c e ,  The 
t h i c k n e s s  of t h e  d i f f u s i o n  l a y e r  of Pd , i n t o  t h e  excess  N i  l a y e r  was 
about  lu. 

D i f f u s i o n  of Rh, P t ,  o r  Ir was much s l o w e r  t h a n  t h a t  o f  Cu, Fey or 
N i ,  b u t  t h e  d i f f u s i o n  of Pd i n t o  Rh, P t ,  o r  Ir was much f a s t e r ;  eve ry  
p a r t i c l e  o f  powdery d e p o s i t s  o f  Rh, P t ,  o r  Ir c o n t a i n e d  a s i g n i f i c a n t  
amount o f  Pd. The t h i c k n e s s  of t h e  d i f f u s i o n  l a y e r  a t  t h e  s u r f a c e  
o f  t h e  f o i l  was approximate ly  8p, 6p, and 211, r e s p e c t i v e l y ,  f o r  P t ,  
IRh, and Ir. Among t h e s e  t h r e e  elements,  o n l y  Rh showed some i n d i -  
c a t i o n  of f u r t h e r  d i f f u s i o n  i n t o  the b u l k  of t h e  f o i i .  Eowever, t h e  
c o n c e n t r a t i o n  o f  Rh i n  t h e  bu lk  was s o  s m a l l  t h a t  d a t a  were n o t  con- 
c l u s i v e  by t h e  method used .  

Almost no d i f f u s i o n  was observed on Ru, T i ,  and Z r .  

F o i l s  p l a t e d  and d i f f u s e d  on on ly  one s i d e  w i t h  Ag, Cu, Fey and Co 
showed t h a t  t h e s e  e lements  d i f f u s e d  s o  r a p i d l y  t h a t  even t h e  u n p l a t e d  
s i d e  c o n t a i n e d  some of t h e s e  elements d i f f u s e d  from t h e  o t h e r  s i d e  
d u r i n g  t h e  t r e a t m e n t .  F o i l s  p l a t e d  and d i f f u s e d  w i t h  o t h e r  e lements  
on one s i d e  showed t h a t  a l l o y i n g  was l i m i t e d  t o  t h e  p l a t e d  s i d e .  

F o i l s  p l a t e d  and o x i d i z e d  wi thou t  the  d i f f u s i o n  p r o c e s s  showed no 
d i f f u s i o n  on t h o s e  e lements  t h a t  a r e  r e a d i l y  o x i d i z e d .  However, . 
e lements  t h a t  cannot  be r e a d i l y  oxid ized ,  such  a s  P t ,  d i f f u s e d  t o  
some e x t e n t  i n t o  t h e  f o i l ,  and some Pd d i f f u s e d  i n t o  the  p l a t e d  l a y e r .  
D i f f u s i o n  of  Pd i n t o  t h e  p l a t e d  l a y e r  took  p l a c e  t o  a sma l l  e x t e n t  
a l s o  i n  t h e  c a s e  of  N i  P l a t e .  Typical  cu rves  of  t h e  a n a l y s e s  t o  
document these  o b s e r v a t i o n s  a r e  shown i n  t h e  Appendix. 

E. PLATINUM-PALLAD IUM-S ILVER ALLOY ELECTRODE 

A s p e c i a l  a l l o y ,  p repa red  by adding 10% P t  t o  t h e  Pd-25$ Ag a l l o y  and  
r o l l i n g  t o  0.001 i n .  f o i l * ,  i s  repor ted** t o  have h i g h e r  c o r r o s i o n  
r e s i s t a n c e  t o  n i t r i c  a c i d  a t t a c k  than e i t h e r  Pd-25$ Ag o r  p u r e  Pd .  
The s p e c i a l  a l l o y  was t e s t e d ,  t h e r e f o r e ,  t o  de te rmine  i t s  f e a s i b i l i t y  
f o r  u s e  as a hydrogen d i f f u s i o n  e l e c t r o d e  i n  c o n j u n c t i o n  w i t h  a "OB 
ca thode .  F o i l s  of t h e  s p e c i a l  a l l o y  were c l e a n e d  i n  t h e  same manner 
a s  f o r  t h e  Pd-25$ Ag e l e c t r o d e s ,  p l a t e d  on b o t h  s i d e s  w i t h  Rh  b l a c k ,  
and o x i d i z e d  f o r  two hours  i n  a i r  a t  6oo0c. Tes t s  under  f o u r  se ts  of 
c o n d i t i o n s  (Tab le  7 )  showed t h a t  t he  m a t e r i a l  i s  no t  a promising anode 
under  t h e  c o n d i t i o n s  of  t h e  t e s t s .  The r e a s o n s  f o r  t h e  poor  p e r -  
formances were p robab ly  low occ lus ion  o r  low p e r m e a b i l i t y  of hydrogen, 
s i n c e  low l i m i t i n g  c u r r e n t s  were ob ta ined  a t  sma l l  o v e r p o t e n t i a l s  . 

x 
J .  Bishop Co . , Malvern, Pennsylvania  
Wise, E .  A . ,  U .  S .  P a t e n t  2,129,721 ** 
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F o i l s  of t h e  same a l l o y  were t h e n  t e s t e d  a s  a hydrogen d i f f u s i o n  
e l e c t r o d e  i n  5M KOH e l e c t r o l y t e .  A f o i l  was hea ted  i n  a i r  f o r  
2 hours  a t  850°C. The o p e n - c i r c u i t  p o t e n t i a l  ( O C P )  of t h e  e l e c t r o d e  
v s  t h e  hydrogen e l e c t r o d e  p o t e n t i a l  was 0 . 9  v o l t  a f t e r  pu rg ing  w i t h  
hydrogen g a s  f o r  150 minu tes .  This  i n a c t i v e  e l e c t r o d e  was t h e n  r e -  
hea t ed  i n  a i r  f o r  two hours  a t  700°C. The e l e c t r o d e  t h e n  had a n  
OCP of 0.02 v ( v s  HE) and wi ths tood  62 ma/cm2 anod ic  p o l a r i z a t i o n  a t  
a n  o v e r p o t e n t i a l  of 0.5 v (VS H E ) .  

A f o i l  t r e a t e d  f o r  2 hours  i n  a i r  a t  700°C and t h e n  for 2 hours  i n  
a i r  a t  500°C wi ths tood  38 ma/cm2 a t  a n  o v e r p o t e n t i a l  of 0 .5  v o l t .  
Another f o i l  t r e a t e d  for 2 hours  i n  a i r  a t  700°C and t h e n  for 2 hours  
i n  a i r  a t  400"C, where p l a t inum oxide can  be formed, w i t h s t o o d  82 ma/cm2 
a t  t h e  same o v e r p o t e n t i a l .  

T h i s  se r ies  of  tes ts  i n d i c a t e d  t h a t  t h e  Pd-Ag-Pt a l l o y  has  a s imilar  
c a p a b i l i t y  f o r  o c c l u s i o n  and d i f f u s i o n  of hydrogen a s  Pd-25% Ag. 
S ince  t h e  Pd-Ag-Pt a l l o y  has a b e t t e r  r e s i s t a n c e  t o  a c i d  t h a n  Pd-25% Ag, 
u t i l i z a t i o n  of t h e  Pd-Ag-Pt a l l o y  a s  a hydrogen d i f f u s i o n  e l e c t r o d e  
i n  a c i d  systems cannot  be overlooked i f  a "03 - re s i s t an t  f o i l  i s  
r e q u i r e d  f o r  f u e l  c e l l  a p p l i c a t i o n .  

F. EFFECT OF SULFUR D I O X I D E  GAS I N  OXIDATION ATMOSPHERE 

1. Background 

H a t f i e l d  ( r e f .  13) r e p o r t e d  a 10s i n c r e a s e  i n  t h e  o x i d a t i o n  r a t e  of 
m i l d  s t e e l  and a 5% i n c r e a s e  i n  t h e  o x i d a t i o n  r a t e  of 18-8 s t a i n l e s s  
s t e e l  by add ing  2% SO2 t o  t h e  a i r .  
i n c r e a s e d  t h e  o x i d a t i o n  r a t e s  even more i f  wa te r  vapor  was a l s o  added 
t o  t h e  a i r .  Evans ( r e f .  1 4 )  a t t r i b u t e d  t h i s  e f f e c t  t o  t h e  i n t r o d u c t i o n  
o f  excess  c a t i o n  v a c a n c i e s  i n  t h e  oxide f i l m  by s u l f u r  i o n s .  Wise 
( r e f .  15) r e p o r t e d  t h a t  pa l lad ium was s e v e r e l y  a t t a c k e d  by H2S gas  
above 600°C and, more moderately,  by SO2 gas  up t o  1000°C. 

H a t f i e l d  a l s o  found t h a t  t h e  SO2 

I n  the  p r e s e n t  program, SO2 was chosen t o  a t tempt  a moderate  i n c r e a s e  
o f  t h e  o x i d a t i o n  r a t e  o f  pa l lad ium w i t h  t h e  o b j e c t  of  improving the  
pal ladium-hydrogen anode ,  

2 .  E l e c t r o d e  P r e p a r a t i o n  

Two Pd-25$ Ag f o i l s  were annea led  for two hours  i n  argon a t  800"C, 
p l a t e d  w i t h  R h  b l a c k ,  and t h e n  ox id ized  i n  a i r  c o n t a i n i n g  about  15.5% 

t Specimen Nos. 1 and 2 ) .  Three o t h e r  f o i l s  were p repa red  by h e a t i n g  
i n  a SO2 atmosphere and p l a t e d  w i t h  Rh as i n d i c a t e d  i n  t he  f o o t n o t e  of 
Table  8. 

by volume) of SO2 f o r  two hours ,  one a t  6 0 0 " ~  and  a n o t h e r  a t  700°C 

3. Anodic P o l a r i z a t i o n  Tests 

Anodic p o l a r i z a t i o n  d a t a  of c o n t r o l  Pd-25$ Ag e l e c t r o d e s  a r e  compared 
i n  Table  8 w i t h  t h o s e  of  e l e c t r o d e s  t h a t  were Rh p l a t e d  and hea ted  
i n  S02. 
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Table  8 

ANODIC CURRENT DENSITIES, ma/cm2, FOR Pd-25%Ag ELECTRODES 
HEAT TREATED I N  SO2 GAS OR I N  A I R  CONTAINING 15.5% SO2 GAS 

E lec t rode  : 

E l e c t r o l y t e  : 
Fue l :  
Temperature:  

Specimen No.66 

1 

2 

3a 

3b* 

4+* 

56 

0.001-in.  Pd-25oAg o x i d i z e d  i n  SO2 
c o n t a i n i n g  a i r .  
5M KOH 
H 2  g a s  
25  "c 

OCP* O v e r p o t e n t i a l  v s  HE**,volts 
V 0 .1  0 .2  0.3 0 . 4  0.5 

0.02 13 20 29 4 1  31 

0.00 9 14.5 19 21 .5  26 

0.00 3.8 8 . 0  12 .8  17.5 23 

0.00 3.3 4.5 6 8 . 6  13 

I * Open C i r c u i t  P o t e n t i a l  v s  HE. 

** Hydrogen e l e c t r o d e  p o t e n t i a l  i n  t h e  same s o l u t i o n  
and a t  t h e  same t empera tu re .  

+ The c u r r e n t  i n c r e a s e d  s h a r p 1  a f t e r  0.6 v o l t  v s  HE 
and the  e l e c t r o d e  w i t h s t o o d  $00 ma/cm2 a t  1.24 v o l t s  v s  HE. 

*+ Reached t h e  l i m i t i n g  c u r r e n t ,  96 ma/cm2, a t  0.87 v o l t  v s  HE. 

6 The c u r r e n t  i n c r e a s e d  s h a r p l y  beyond 0.5 v o l t  and t h e  
e l e c t r o d e  wi ths tood  400 ma/cm2 a t  0.94 v o l t  v s  HE. 

$ 6  Specimen 3a: Heated i n  p u r e ' S 0 2  f o r  two hour s  %t 850°C. 
Specimen 3b:  Rh b l a c k  p l a t e d  on b o t h  s i d e s  of t h e  f o i l  and 

hea ted  i n  pu re  SO2 g a s  f o r  two hour s  a t  850"c. 
(Specimen f a  was used a g a i n  a f te r  t h e  p o l a r i z a -  
t i o n  t e s t . )  

Specimen 4 :  Rh b l a c k  p l a t e d  on b o t h  s i d e s  of t h e  annea led  
f o i l  and h e a t e d  i n  pu re  SO2 gas f o r  2 hour s  a t  
850"c. 

Specimen 5: Rh b l a c k  p l a t e d  on b o t h  s i d e s  of  t h e  annea led  
f o i l  and h e a t e d  i n  pu re  SO2 g a s  for two hours  a t  
850"c and subsequen t ly  f o r  two hour s  a t  700°C. 
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4 .  D i s c u s s i o n  and  Conc lus ions  

Specimens 1, 2 ,  and 3 ( T a b l e  8) showed f o r m a t i o n  o f  heavy g r e y i s h  
b l a c k  f i l m  when t r e a t e d  i n  a i r  c o n t a i n i n g  SO2 gas o r  i n  p u r e  SO2 gas ,  
showing t h e  f o r m a t i o n  o.f ox ide ,  s u l f i d e ,  o r  most l i k e l y  a m i x t u r e  of 
b o t h .  Bo th  p a l l a d i u m  and s i l v e r  were p r o b a b l y  a t t a c k e d  by SO2 gas ,  

Although t h e  i n c r e a s e  o f  o x i d a t i o n  r a t e  might  s u g g e s t  t h e  i n c r e a s e  o f  
c a t i o n  vacancy s i t e s  o r  e x c e s s  an ions  i n  t h e  o x i d e  ( w i t h  s u l f i d e )  f i l m ,  
a c c o r d i n g  t o  t h e  Wagner mechanism, t he  p o l a r i z a t i o n  d a t a  i n d i c a t e d  a 
d e f i n i t e  p o i s o n i n g  of hydrogen uptake t o  t h e  f o i l  a n d  t h e  e l e c t r o d e  
r e a c t i o n  by t r e a t m e n t  w i t h  SO2 g a s ,  It was a l s o  obse rved  t h a t  t h e  
s u r f a c e  f i l m  (rhodium p l a t i n g  on specimens Nos. 4 a n d  5) f e l l  o f f  
d u r i n g  t h e  p o l a r i z a t i o n  tests,  i n d i c a t i n g  t h e  poor  bonding between t h e  
f o i l  and t h e  f i l m .  

I 
I 
I 

G .  SUBSTITUTION OF MORE STABLE OXIDES FOR PALLADIUM OXIDE AS A 
HYDROGE2d TRANSFER CATALYST I N  PALLADIUM FOIL 

1. Background 

Although PdO has  been  shown t o  b e  an  a c t i v e  c a t a l y s t  f o r  t h e  t r a n s f e r  
o f  hydrogen i n  Pd-25$ Ag f o i l s ,  t h e  ox ide  i s  s l o w l y  r educed  by t h e  
hydrogen, and ove r  a t en -hour  pe r iod ,  t h e  c a p a c i t y  of t h e  f o i l  as a n  
anode i s  d e s t r o y e d .  Rhodium oxide ,  which i s  more s t a b l e  t h a n  PdO, was 
chosen  as a s u b s t i t u t e  f o r  PdO a s  a hydrogen c a t a l y s t .  F i n e l y  d i v i d e d  
rhodium i s  r e p o r t e d  t o  o x i d i z e  most r a p i d l y  a t  a b o u t  800°C ( r e f .  16 ) .  
On t h e  o t h e r  hand, PdO decomposes above 790°C ( r e f .  1 7 ) .  Consequent ly ,  
i f  a Pd-25$ Ag f o i l  p l a t e d  w i t h  Rh i s  h e a t e d  above 790"C, the  R h ,  b u t  
n o t  t h e  Pd o r  A g ,  would be  o x i d i z e d .  

2 .  E l e c t r o d e  P r e p a r a t i o n  

A Pd-25$ Ag e l e c t r o d e  was p r e t r e a t e d  by (1) a n n e a l i n g  i n  a r g o n  a t  
850°C, ( 2 )  rhod ium-p la t ing  on b o t h  s i d e s  by t h e  c o n d i t i o n s  o f  T a b l e  
A - 1  (Appendix) , ( 3 )  o x i d a t i o n  i n  a i r  a t  850"C, and ( 4 )  r a p i d  c o o l i n g  
i n  a i r .  I 
3 .  Anodic P o l a r i z a t i o n  T e s t s  

The a n o d i c  p o l a r i z a t i o n  d a t a  a r e  shown i n  T a b l e  9 .  
Table  9 

ANODIC POLARIZATION OF RHODIUM PLATED 
Pd-25$ Ag FOIL, OXIDIZED AT 850°C 

E l e c t r o l y t e  - 5M KOH F u e l  - H2 gas 
Temperature  - 25°C 

C u r r e n t  D e n s i t y  P o t e n t i a l  v s  HB*, C u r r e n t  D e n s i t y  P o t e n t i a l  v s  
ma/cm2 v o l t s  ma/cm2 HE*, v o l t s  

0 0.02 175 0.40 
240 0.50 
300 0.60 

2 3 . 5  0.10 
56.0 0 . 2 0  

110 0.30 400 0.69 
*HE = R e v e r s i b l e  hydrogen p o t e n t i a l  a t  same pH and  t e m p e r a t u r e  
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After  t h e  p o l a r i z a t i o n  d a t a  were c o l l e c t e d ,  t h e  c u r r e n t  was kep t  
c o n s t a n t  a t  400 ma/cm2, and t h e  e l e c t r o d e  p o t e n t i a l  was r e c o r d e d .  
The tempera ture  of t h e  e l e c t r o l y t e  i n c r e a s e d  t o  49°C w i t h i n  30 minutes ,  
reached  55°C a f t e r  about  4 hours ,  and t h e n  s t a y e d  approximate ly  
c o n s t a n t .  The e l e c t r o d e  p o t e n t i a l  g r a d u a l l y  s h i f t e d  o v e r n i g h t  t o  l e s s  
noble  va lues  and became c o n s t a n t  a t  0.57 v +_0.04 v vs  HE. The e l e c -  
t r o l y s i s  was d i s c o n t i n u e d  a f t e r  104 hours  wythout  any d e g r a d a t i o n  
t h e  e l e c t r o d e .  However, t h e  e l e c t r o d e  f a i l e d  t o  resume t h e  same 

of 

good performance a f t e r  i t  was exposed t o  a i r  f o r  about  f o u r  hours  
du r ing  t h e  i n t e r r u p t i o n  of e l e c t r o l y s i s .  The e l e c t r o d e  c a r r i e d  
9 ma/cm2 a t  0.12 v and reached  a l i m i t i n g  c u r r e n t  of 20 ma/cm2 a t  
0.31 v,  a l though t h e  OCP was 0.03 v .  

4 .  Thermal R e a c t i v a t i o n  of E l e c t r o d e  

A t he rma l  r e a c t i v a t i o n  of t h e  above e l e c t r o d e  by h e a t i n g  f o r  2 hours  
i n  a i r  a t  850°c f u l l y  r e j u v e n a t e d  t h e  e l e c t r o d e .  The e l e c t r o d e  showed 
t h e  s i m i l a r  p o l a r i z a t i o n  curve  a s  t h a t  by t h e  p r e v i o u s  a c t i v e  con- 
d i t i o n  up t o  400 ma/cm2. The e l e c t r o d e  was t e s t e d  a g a i n  f o r  l o n g e v i t y  
a t  250 ma/cm2 a t  60"~. The p o t e n t i a l  was 0.35 v i n  the  beginning ,  
l e v e l e d  o f f  t o  about  0.5 v a f t e r  3 hours  u n t i l  abou t  300 hours  were 
reached,  and t h e n  v e r y  g r a d u a l l y  dec reased  t o  0.66 v u n t i l  t h e  t e s t  
was s topped  a t  336 h o u r s  ( 1 4  d a y s ) .  A d u p l i c a t e  e l e c t r o d e  was made 
and  was opera ted  a t  60°c a t  400 ma/cm2 f o r  18 h o u r s .  The p o t e n t i a l  
s h i f t e d  f r o m  0.80 v t o  0.65 v .  The o p e r a t i o n  was con t inued  f u r t h e r  
a t  250 ma/cm2 for 120 hours ,  and  t h e  p o t e n t i a l  s h i f t e d  f rom 0.62 v t o  
0.82 v .  Those p o t e n t i a l s  of  t h e  d u p l i c a t e  were somewhat l a r g e r  t h a n  
t h a t  of t h e  f i r s t  one.  

5. E l e c t r o d e  Improvement 

F u r t h e r  improvement was made i n  two ways: 

(1) Oxida t ion  i n  a i r  by two s teps  a f t e r  rhodium b l a c k  p l a t i n g ,  2 hours  
a t  850°c, and 2 hours  a t  700°C. T h i s  p r o c e s s  i n t r o d u c e s  n o t  on ly  
rhodium oxide  b u t  a l s o  Dal ladium ox ide .  which has  b e t t e r  D o l a r i -  
z a t i o n  c h a r a c t e r i s t i c s . A  (The  d log I ' s l o p e  i s  s t e e p e r . ) L  

dE 

(2) Oxidat ion  i n  O2 i n s t e a d  of a i r  t o  i n c r e a s e  t h e  a c t i v i t y .  
vacancy c o n c e n t r a t i o n  i s  p r o p o r t i o n a l  t o  t h e  1/6 power of t h e  
02 p a r t i a l  p r e s s u r e  a s  was d e s c r i b e d  i n  t h e  p r e v i o u s  q u a r t e r ' s  
r e p o r t .  

C a t i o n  

Anodic p o l a r i z a t i o n  d a t a  on t h e s e  e l e c t r o d e s  ( T a b l e  10) showed b e t t e r  
c h a r a c t e r i s t i c s  t h a n  t h a t  o f  a n  e l e c t r o d e  o x i d i z e d  o n l y  a t  850°C i n  
a i r .  The specimen w i t h  t r e a t m e n t  (1) above was tes ted  a t  60°c a t  
250 ma/cm2. The p o t e n t i a l  was 0.39 v i n  t h e  beg inn ing ,  l e v e l e d  o f f  
t o  about  0.6 v f o r  ove r  200 hours ,  and g r a d u a l l y  i n c r e a s e d  t o  0.8 v 



Table 10 

ANODIC POLARIZATION OF Pd-29Ag ELECTRODE 
WITH RHODIUM OXIDE 

E l e c t r o d e :  0 .001-in.  Pd-25$Ag f o i l  p l a t e d  w i t h  rhodium, 
about  1 mg/cm2,  and o x i d i z e d .  

E l e c t r o l y t e :  5M KOH 

Temperature : 25OC 

Heat Treatment 

2 hours  a t  850"c and 
2 hour s  a t  700°C i n  a i r  

2 hour s  a t  850"c i n  
oxygen gas 

OCP" O v e r p o t e n t i a l  v s  HE**, v o l t s  
V 0 . 1  - 0 . 2  - 0 . 3  4 0. - 0.5 

0.00 29 64 140 220 310 

0.00 44 73 1 2 5  195 270 

* Open C i r c u i t  P o t e n t i a l  v s  HE. 

** Hydrogen e l e c t r o d e  p o t e n t i a l  i n  t h e  same s o l u t i o n  
and a t  t h e  same t empera tu re .  
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a t  t h e  end o f  t h e  t e s t  (336 h o u r s ) .  
t r e a t m e n t  ( 2 )  was t e s t e d  a t  250 ma/cm2 a t  90°C. 
l e v e l e d  off q u i c k l y  t o  0.56 v and showed no f u r t h e r  change d u r i n g  
t h e  t e s t  f o r  336 h o u r s .  

The second specimen w i t h  
The p o t e n t i a l  

6 .  D i s c u s s i o n  

The l i f e  of an  a c t i v a t e d  Pd-25% Ag d i f f u s i o n  e l e c t r o d e  was p ro longed  
from t e n  t o  more t h a n  336 hours  by u s i n g  rhodium o x i d e  as a p r i n c i p a l  
c a t a l y s t  i n s t e a d  of  PdO, a l t h o u g h  t h e  p o l a r i z a t i o n  was somewhat 
g rea te r  than  t h a t  of  e l e c t r o d e s  a c t i v a t e d  by PdO, p a r t i c u l a r l y  a t  
h i g h e r  c u r r e n t  d e n s i t i e s .  
r e d u c t i o n  r a t e  o f  rhodium oxide  t h a n  p a l l a d i u m  ox ide  by hydrogen.  
Furthermore,  h i g h e r  a n d  more p ro longed  a c t i v i t y  was i n t r o d u c e d  by 
o x i d i z i n g  i n  p u r e  oxygen i n s t e a d  of  i n  a i r .  
t h e  f u r t h e r  p o s s i b i l i t y  t h a t  many p- type  ox ide  f i l m s  might be a c t i v e  
as  c a t a l y s t s  f o r  t h e  d i f f u s i o n  e l e c t r o d e .  

T h i s  improvement may be  due t o  a s lower  

T h i s  r e s u l t  s u g g e s t e d  

I n t e r r u p t i o n  of t h e  t e s t  and exposure  of  t h e  e l e c t r o d e  t o  a i r  d e s t r o y e d  
t h e  hydrogen p e r m e a b i l i t y  o f  t h e  e l e c t r o d e .  T h i s  r e s u l t  might  be 
a t t r i b u t e d  t o  t h e  f o l l o w i n g  r e a s o n s :  (1) hydrogen e x i s t i n g  as a 
s c r e e n i n g  p r o t o n  w h i l e  t h e  e l e c t r o d e  was a c t i v e  changed t o  a more 
s t a b l e  form such  as a t y p e  o f  hydr ide  and  p r e v e n t e d  f u r t h e r  hydrogen 
t r a n s p o r t ,  ( 2 )  oxygen from a i r  d i f f u s e d  i n t o  t h e  p a l l a d i u m  l a t t i c e ,  
formed a water  molecule ,  and p r e v e n t e d  f u r t h e r  a c t i v i t y  as a d i f f u s i o n  
e l e c t r o d e ,  However, t h e  t r u e  r e a s o n  f o r  t h i s  d e s t r u c t i o n  by i n t e r r u p t i o n  
i s  n o t  unders tood .  

Thermal r e a c t i v a t i o n  r e s t o r e d  t h e  hydrogen p e r m e a b i l i t y  and t h e  a c -  
t i v i t y  r e t a i n e d  d u r i n g  t h e  t e s t  f o r  336 h o u r s .  

These s e r i e s  o f  t e s t s  were most encourag ing  f o r  t he  development of a 
pal ladium-hydrogen d i f f u s i o n  e l e c t r o d e  t h a t  w i l l  o p e r a t e  c o n t i n u o u s l y  
wi th  h i g h  c u r r e n t  d r a i n  and good p o t e n t i a l .  

H .  EFFECT OF CONDITIONS OF RHODIUM PLATING ON ANODIC POLARIZATION 
OF Pd-Aa DIFFUSION ELECTRODE 

Rhodium was s e l e c t e d  f o r  t h i s  s t u d y  because  we have s t u d i e d  t h e  f o i l s  
w i t h  rhodium p l a t i n g  more e x t e n s i v e l y  t h a n  o t h e r s  and t h o s e  e l e c t r o d e s  
have been  r e v e a l e d  a s  one of t h e  most p r o m i s i n g .  C o n d i t i o n s  s t u d i e d  
i n c l u d e d  t h e  e l e c t r o l y t e  t y p e  t o  g i v e  d i f f e r e n t  t y p e s  of  p l a t i n g  
( s h i n y  and b l a c k ) ,  t he  d e p o s i t i o n  c u r r e n t  d e n s i t y ,  and  t h e  d e p o s i t  
t h i c k n e s s .  

1. E l e c t r o l y t e  

Two t y p e s  of  e l e c t r o l y t e  were t e s t e d .  One was a commercial  Rh p l a t i n g  
s o l u t i o n *  g i v i n g  a s h i n y  d e p o s i t  and  the  o t h e r  was 0.01M rhodium 
c h l o r i d e  s o l u t i o n  of pH 1 g i v i n g  a Rh b l a c k  d e p o s i t .  

Rhodex by Sel-Rex C O .  
* 
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Approximately 1 mg/cm2 of Rh was p l a t e d  on b o t h  s ides  o f  a f o i l  t h a t  
was p r e v i o u s l y  annea led  a t  850°C i n  an  a rgon  atmosphere.  
p l a t e d  w i t h  R h  was t h e n  ox id ized  ( a c t i v a t e d )  a t  850°C f o r  2 hours  
i n  a i r .  Two p l a t i n g  ca thode  c u r r e n t  d e n s i t i e s ,  10 ma/cm2 and 
125  ma/cm2, were t e s t e d  f o r  each e l e c t r o l y t e .  

The f o i l  

Table 11 shows the  anod ic  c u r r e n t  d e n s i t i e s  of  Pd-25% Ag d i f f u s i o n  
e l e c t r o d e s  a t  v a r i o u s  o v e r p o t e n t i a l s  v s  t h e  s t a n d a r d  hydrogen e l e c -  
t r o d e .  R e s u l t s  i n d i c a t e  t h a t  t h e  e l e c t r o d e s  w i t h  rhodium b l a c k  
p l a t e d  from 0.01M R h C 1 3  s o l u t i o n  supported a c u r r e n t  a t  l e a s t  10 
times h i g h e r  t h a n  t h a t  of  an e l e c t r o d e  w i t h  s h i n y  R h  p l a t e d  from 
Rhodex s o l u t i o n ,  a l t h o u g h  a l l  e l e c t r o d e s  gave t h e  same open c i r c u i t  
p o t e n t i a l .  

R e s u l t s  a l s o  i n d i c a t e d  t h a t  t he  f o i l s  p l a t e d  a t  t h e  h igher  c u r r e n t  
d e n s i t y  gave higher  anodic  c u r r e n t  a t  the  same o v e r p o t e n t i a l s  t h a n  
t h a t  by f o i l s  p l a t e d  a t  t h e  lower c u r r e n t  d e n s i t y .  

2 .  

Approximately 1 mg/cm2 o f  R h  b l a c k  was p l a t e d  on b o t h  s ides  o f  Pd-25$ 
Ag f o i l s  under  v a r i o u s  ca thode  c u r r e n t  d e n s i t i e s  from 0.01M R h C l s  
s o l u t i o n  o f  pH 1, and anodic  p o l a r i z a t i o n  c h a r a c t e r i s t i c s  of  these  
f o i l s  were de termined .  

Cathode Cur ren t  Dens i ty  f o r  P l a t i n g  

Heat t r e a t m e n t  of t h e  f o i l s  was t h e  same as  t h o s e  i n  t h e  p r e v i o u s  
s e c t i o n ,  i . e . ,  a n n e a l i n g  a t  850°C be fo re  p l a t i n g  and o x i d a t i o n  a t  
850°c a f t e r  p l a t i n g .  However, du r ing  t h i s  se r ies  o f  tes ts ,  t a b u l a t e d  
i n  Table 12 ,  a few e l e c t r o d e s ,  p a r t i c u l a r l y  t h o s e  p l a t e d  a t  250 ma/cm2, 
showed poor  a c t i v i t y .  One of  those  e l e c t r o d e s  ( T e s t  No. 5 ir ,  Table  
1 2 )  was t h e n  r e h e a t e d  t o  700°C and r u n  a g a i n  f o r  t h e  anodic  p o l a r i z a -  
t i o n  t e s t s .  R e s u l t s  i n d i c a t e d  a s l igh t  improvement i n  t h e  anodic  
c u r r e n t  d e n s i t y  a t  a n  o v e r p o t e n t i a l  of 0.1 v and more s i g n i f i c a n t  
improvement a t  h i g h e r  o v e r p o t e n t i a l s .  
perhaps  s u g g e s t s  t h a t  t h e  pal ladium oxide  i s  a b e t t e r  c a t a l y s t  t h a n  
rhodium ox ide  f o r  t h e  p r o c e s s .  

T h i s  improvement i n  di/dE s l o p e  

3. E f f e c t  of  Amount o f  P l a t e d  Rh on E l e c t r o d e  Performance 

Pd-25% Ag f o i l s  were p l a t e d  wi th  v a r i o u s  amounts of  Rh b l a c k  from 
0.01M RhC13 s o l u t i o n  a t  t h e  same c u r r e n t  d e n s i t y ,  125  ma/cm2, which 
gave one of  t h e  bes t  r e s u l t s  among t h e  p r e v i o u s  tes ts  on t h e  e f f e c t  
o f  c u r r e n t  d e n s i t y  f o r  p l a t i n g .  The pH of t h e  p l a t i n g  s o l u t i o n  was 
a d j u s t e d  t o  1 w i t h  H C 1  excep t  f o r  one f o i l ,  which was p l a t e d  from a 
s o l u t i o n  t h a t  had been a d j u s t e d  t o  pH 2 ( T e s t  No. 3 i n  Table  13). 

F o i l s  were annea led  i n  a rgon  a t  850°C b e f o r e  p l a t i n g  and o x i d i z e d  
i n  a i r  a t  850°C f o r  two hours and f u r t h e r  i n  a i r  a t  700°C f o r  two 
hour s .  R e s u l t s  on anodic  p o l a r i z a t i o n  of t h e s e  f o i l s  a r e  g i v e n  i n  
Table 13. 
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Table  13 

A N O D I C  CURRENT DENSITIES, ma/cm2, ON Pd-25$Ag ELECTRODES 
WITH VARIOUS AMOUNTS OF RHODIUM BLACK 

E l e c t r o d e :  0 .001-in.  Pd-25$Ag foil Rhodium p l a t e d  
and o x i d i z e d .  

Fue l  : H 2  gas 

E l e c t r o l y t e :  5M KOH 

Temperature : Room Temperature  

Amount of O v e r p o t e n t i a l  ( n )  v s  HE**, - - . -  
T e s t  R h  B lack  OCP" v o l t s  

No. m g / c m 2  V 0 .1  0 . 2  0.3 0 . 4  

1 0 .26  0.00 44 108 215 308 

2 0.50 0.00 52 110 210 315 

3 0 53* 0.00 33 76 152 260 

4 1.00$* 0.00 56 112 178 221 

5 1.60 0.00 57 126 222 315 

6 3.76 0.00 57 138 240 315 

* Open C i r c u i t  P o t e n t i a l  v s  HE. 

* *  Hydrogen e l e c t r o d e  p o t e n t i a l .  

* pH of RhC13 s o l u t i o n  was a d j u s t e d  t o  2 .  

* #  Oxidized on ly  a t  850°c ,  l i s t e d  p r e v i o u s l y  i n  Tab le  1 2 .  



R e s u l t s  i n d i c a t e  no s i g n i f i c a n t  e f f e c t  as a r e s u l t  of d i f f e r e n t  
amounts of R h  d e p o s i t .  Cur ren t  d e n s i t i e s  on t h e  e l e c t r o d e  p l a t e d  
from t h e  pH 2 e l e c t r o l y t e  were somewhat lower t h a n  t h o s e  p l a t e d  from 
pH 1 e l e c t r o l y t e .  

S i n c e  the  e l e c t r o n - p r o b e  a n a l y s i s  showed t h a t  s u f f i c i e n t  d i f f u s i o n  of 
Pd i n t o  rhodium t a k e s  p l a c e  d u r i n g  ox ida t ion ,  even a t  700°C, t h e  
i n s i g n i f i c a n t  e f f e c t  o f  t h e  amount of Rh d e p o s i t  i s  b e l i e v e d  r eason-  

I ab le .  

4. Conclus ions  

These ser ies  of tes ts  on Rh p l a t i n g  sugges t  t h e  f o l l o w i n g  conc lus ions :  

(1) Rhodium b l a c k  p l a t i n g  i s  more f a v o r a b l e  t h a n  Rh smooth p l a t i n g .  

( 2 )  The maximum a c t i v i t y  i s  obta ined  by R h  b l a c k  p l a t e d  a t  c a t h o d i c  
c u r r e n t  d e n s i t i e s  o f  50-125 ma/cm2. 

I 

I ( 3 )  The amount of R h  d e p o s i t  has an  i n s i g n i f i c a n t  e f f e c t  i n  a r ange  
from 0.26 t o  3.76 mg/cm2. 

, ( 4 )  Depos i t  from t h e  e l e c t r o l y t e  a d j u s t e d  t o  pH 1 g i v e s  b e t t e r  re-  
s u l t s  t h a n  t h a t  from one a d j u s t e d  t o  pH 2 .  

( 5 )  P a l l a d i u m  oxide  i s  a b e t t e r  c a t a l y s t  t h a n  rhodium o x i d e ,  

I. LIFE TEST OF THE Pd-255 Ag DIFFUSION ELECTRODE 

Continuous p o l a r i z a t i o n  t e s t s  of' s e v e r a l  Pd-25% Ag e l e c t r o d e s  were 
conducted for p e r i o d s  up t o  two weeks t o  t e s t  the  d u r a b i l i t y  o f  
e l e c t r o d e  a c t i v i t y .  For  t h e s e  tests, the  anod ic  c u r r e n t  was k e p t  
c o n s t a n t ,  and  t h e  e l e c t r o d e  p o t e n t i a l  was i n t e r m i t t e n t l y  measured. 
The c e l l  t empera tu re  was kep t  cons t an t  w i t h i n  +5"C by c o n t r o l l i n g  
c u r r e n t  th rough a h e a t i n g  t a p e  t h a t  was wrapped around t h e  c e l l .  
The r e s u l t s  o b t a i n e d  t o  d a t e ,  summarized i n  Table  14,  i n d i c a t e  t h a t  
the most s t a b l e  e l e c t r o d e  i s  one p l a t e d  w i t h  R h  and h e a t  t r e a t e d  i n  
a i r  or oxygen a t  a tempera ture  h igh  enough t o  form rhodium ox ide .  
However, t h e  b e t t e r  p o t e n t i a l  va lue  was o b t a i n e d  from the  e l e c t r o d e  
t h a t  was a l s o  t r e a t e d  a t  t h e  l o w e r  tempera ture  where PdO could  b e  
formed . 

~ 

The e l e c t r o d e s  p l a t e d  w i t h  t h i n  N i  o r  P t  and o x i d i z e d  showed e x c e l l e n t  
p o l a r i z a t i o n  c h a r a c t e r i s t i c s  i n  t h e  beg inn ing  o f  t h e  t e s t ,  b u t  d i ed  
o u t  b e f o r e  t h e  end of t h e  two-week p e r i o d .  The r e a s o n  f o r  a s h o r t  
l i f e  o f  t h e  e l e c t r o d e s  w i t h  P t  may b e  a t t r i b u t e d  t o  r e d u c t i o n  of  PdO 
and P t O  by hydrogen, b u t  t h e  f a i l u r e  of t h e  e l e c t r o d e  w i t h  N i O  m u s t  
be caused by some o t h e r  f a c t o r ,  such  a s  p l u g g i n g  of N i  i o n  vacancy 
s i tes  by s t a b l e  hydrogen i o n s ,  s i n c e  N i O  i s  b e l i e v e d  t o  be ve ry  
s t a b l e .  
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Specimen 
No. 

1 

2a 

2b 

3 

4 

5 

6 

7+ 

Tab le  14 

DURABILITY OF ELECTRODE ACTIVITY 

E l e c t r o l y t e :  5M KOH 
F u e l :  H2 gas 

E l e c t r o d e  
P r e p a r a t i o n  

R h  p l a t i n g  on 
b o t h  s i d e s .  
Heat i n  a i r  
for 2 h r  a t  
850"c 

Same as 1. 

Con t inua t ion  
of 2a. 

R h  p l a t i n g  on 
b o t h  s i d e s .  
Heat i n  a i r  
for 2 h r  a t  

2 h r  a t  700°C. 
850°c, f o r  

Temp. 
"C 

60 

60 

60 

60 

Same as 3. 90 

Same as 3 90 

R h  p l a t i n g  on 90 
b o t h  s i d e s .  
Heat i n  02 - 
f o r  2 hr a t  
850"c.  

P t  p l a t i n g  on 90 
b o t h  s i d e s .  
Heat i n  Ar 
f o r  2 h r  a t  

2 h r  a t  700°C. 
8 5 0 " c ,  f o r  

- 
I 

N o t e s  a t  end o f  t a b l e  

C u r r e n t  
Dens i ty  Time 
ma/cm2 hr 

250 336 

400 18 

250 120 

250 336 

O v e r p o t e n t i a l  v s  
HE*, v o l t s  

S t a r t  Level  End 

0.35 0.50 
k0.05 

0.65 0.65 

0.62 ~0.05 

0.39 0.65 
- +o. 05 

0.66 

0.82 

0.82 

0.82 

284 0.18 0.60 0.80 
N.05 

0.52 0.50 0.62 
k0 05 

250 

250 336 

250 336 0.56 0.50 0.55 
k o .  05 

250 48 0.35 0.50 - 
N.05 
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Specimen 
No. 

8+ 

9*+ 

10* 

ll*+* 

12**+ 

Table 14 ( con t inued)  

DURABILITY OF ELECTRODE ACTIVITY 

Cur ren t  O v e r p o t e n t i a l  v s  
E l e c t r o d e  Temp. Dens i ty  Time HE*, v o l t s  

P r e p a r a t i o n  "C rna/cm2 h r  S t a r t  Level  End 

Pk p l a t i n g  on 90 250 <24 0.50 - - 
b o t h  s i d e s .  
Heat i r ?  a i r  
for 2 h r  each  
a t  850, 700 
and 400°C. 

P t  p l a t i n g  on 90 
f u e l  s i d e  and 
R h  p l a t i n g  on 
e l e c t r o l y t e  
s i d e .  Heat 
i n  a i r  2 h r  
each  a t  850, 
700 and 400°C.  

Z r - N i  p l a t i n g  90 
on b o t h  s i d e s .  
Heat i n  Ar 
f o r  2 h r  a t  
85ooc, i n  a i r  
f o r  2 h r  a t  
700 "c 

N i  p l a t i n g  on 90 
b o t h  s i d e s .  
Heat i n  Ar for 
2 h r  a t  850"C, 
i n  a i r  f o r  2 h r  
a t  700°C. 

Ru p l a t i n g  on 90 
b o t h  s i d e s .  
Heat i n  Ar f o r  
2 h r  a t  85ooc, 
i n  a i r  f o r  2 
h r  a t  7 0 0 " ~ .  

Notes a t  end of  t a b l e  

250 146 0.41 0.40 0.43 
kO.10 

250 48 0.73 0.70 - 

250 240 0.51 0.65 0.57 
fO.10 

250 175 0.75 0.80 0.80 
- +o. 05 

0 MONSANTO RESEARCH CORPORATION 0 



Tab le  14 ( c o n t i n u e d )  

DURABILITY OF ELECTRODE ACTIVITY 

Cur ren t  O v e r p o t e n t i a l  v s  
Specimen E l e c t r o d e  Temp. D e n s i t y  Time H3*,  v o l t s  

No. P r e p a r a t i o n  "C ma/cm2 h r  S t a r t  Leve l  End 

Heat i n  A r  f o r  90 250 48 0.58 0.50 0.54 
f0.05 13$ 

2 h r  a t  850"C, 
i n  a i r  f o r  2 
h r  a t  700°C. 
Then Ru p l a t i n g  
on b o t h  s ides .  
Heat aga in  i n  
a i r  f o r  2 h r  
a t  7 0 0 " ~ .  

* Hydrogen e l e c t r o d e  p o t e n t i a l  i n  t h e  same s o l u t i o n  
and a t  the same t empera tu re .  

$ Died out  d u r i n g  t h e  n i g h t .  

$ $  Died out  as  R h  p l a t i n g  dropped o f f .  

$$$Died out  by suddenly  e v o l v i n g  oxygen. The p o t e n t i a l  
t u r n e d  i n s t a n t a n e o u s l y  t o  t h e  oxygen e v o l u t f o n  
p o t e n t i a l ,  about  1 .7  v o l t s  v s  HE. 
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GENERAL C ONC LUSIONS 

C h a r a c t e r i s t i c s  of t h e  a l l o y i n g  elements  t h a t  s t r o n g l y  a f f e c t  
t h e  anodic  p o l a r i z a t i o n  of Pd-25$ Ag d i f f u s i o n  e l e c t r o d e  i n c l u d e  
va lency  of t h e  e lements  and thermal c h a r a c t e r i s t i c s  o f  hydrogen 
o c c l u s i o n .  

E f f e c t s  by a l l o y i n g  e lements  were independent  of t h e  s i d e  on which 
t h e  e l e c t r o d e  was p l a t e d .  

A l loy ing  e lements  t h a t  improved t h e  e l e c t r o d e  performance most 
s i g n i f i c a n t l y  i n c  luded  : 

Fuel  s i d e :  P t ,  ir, and Co 
E l e c t r o l y t e  s i d e :  Rh, Ir, and  N i - Z r  
Both  s i d e s  t o g e t h e r :  P t ,  Rh, and Ir 

The s t r u c t u r e  t y p e  of a n  oxide  (whether  t h e  n- or p- type )  i s  t h e  
p r o p e r t y  t h a t  most s t r o n g l y  a f f e c t s  t h e  anodic  p o l a r i z a t i o n  c h a r a c -  
t e r i s t i c s  of a Pd-25$ Ag f o i l  when t h e  oxide  i s  a p p l i e d  t o  t h e  
s u r f a c e  of t h e  f o i l .  

Some of t h e  bes t  ox ides  t o  improve t h e  e l e c t r o d e  were: 

F u e l  s i d e :  Th, Cu, Ru, and Mg 
E l e c t r o l y t e  s i d e :  N i ,  P t ,  and Rh 
Both  s i d e s  t o g e t h e r :  P t ,  Rh, Ru, and N i  

Me ta l log raph ic  examinat ion  and e l e c t r o n  microprobe a n a l y s e s  
i n d i c a t e d  t h a t  t h e  d i f f u s i o n  r a t e s  o f  a l l o y i n g  e lements  v a r i e d  
wide ly  s o  t h a t  a l l o y s  of  some elements  were s a t i s f a c t o r i l y  p r e -  
p a r e d  w h i l e  o t h e r  e lements  f a i l e d  t o  a l l o y .  

Pd-25$ Ag,al loyed w i t h  1% P t ,  showed t h e  similar c a p a b i l i t y  f o r  
o c c l u s i o n  and d i f f u s i o n  of hydrogen as Pd-25% A g ,  s o  t h e  P t  a l l o y  
can be used  i n  a p rope r  a c i d  e l e c t r o l y t e  system c o n t a i n i n g  "03 
because .  of i t s  f a v o r a b l e  r e s i s t a n c e  t o  o x i d i z i n g  a c i d s .  

SO2 g a s  i n  a n  o x i d i z i n g  atmosphere poisoned  t h e  Pd-25$ Ag e l e c t r o d e .  

Pd-25$ Ag e l e c t r o d e s  o x i d i z e d  i n  p u r e  02 showed b e t t e r  performance 
t h a n  t h o s e  o x i d i z e d  i n  a i r .  

S u b s t i t u t i o n  of  PdO by rhodium oxide  ( p e r h a p s  Rh203) a s  a 
c a t a l y s t  p ro longed  t h e  l i f e  of t h e  Pd-25$ Ag e l e c t r o d e  more t h a n  
30 f o l d .  

The b e s t  e l e c t r o d e , b o t h  i n  terms of l i f e  and anod ic  p o l a r i z a t i o n  
c h a r a c t e r i s t i c s  found t o  d a t e ,  i s  p r e p a r e d  by t h e  fo l lowing  
p r o c e s s :  F u l l  annea l ing ,  Rh b lack  p l a t i n g ,  and o x i d a t i o n  i n  
p u r e  oxygen a t  850°C (pe rhaps  fol lowed by t h e  f u r t h e r  o x i d a t i o n  
a t  700°C i n  oxygen) .  
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( 1 2 )  The best  R h  p l a t i n g  i s  accomplished by the  f o l l o w i n g  p rocedure :  

E l e c t r o l y t e  : 0.01M R h C 1 3  s o l u t i o n ,  pH 1 
Cathode c u r r e n t  d e n s i t y :  50 125 ma/cm' 
Amount o f  Rh d e p o s i t :  more t h a n  0.5 mg/cm2 up t o  approximate ly  

3 mg/cm2 

K .  FUTURE PLANS 

P lanning  f o r  t he  coming q u a r t e r  i n c l u d e s  t h e  fo l lowing :  

(1) 

( 2 )  

Continue l i f e  tests on e l e c t r o d e s  t rea ted  i n  v a r i o u s  ways sugges t ed  
d u r i n g  t h e  p r e s e n t  q u a r t e r .  

U t i l i z e  hydraz ine  o r  o t h e r  s t o r a b l e  f u e l  on Pd-25% Ag d i f f u s i o n  
e l e c t r o d e .  

( 3 )  

(4) 

Study a c i d  e l e c t r o l y t e  system w i t h  Pd-25% Ag d i f f u s i o n  e l e c t r o d e .  

Attempt t o  combine Pd-25% Ag d i f f u s i o n  e l e c t r o d e  w i t h  v a r i o u s  
oxygen e l e c t r o d e s  t o  make a f u l l  c e l l .  
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APPENDIX 

A .  PHASE DIAGRAMS OF ALLOYING METALS WITH PALLADIUM 

A g ,  Cu, N i ,  Fe ,  Co, P t ,  Ir, and Rh, w i t h  Pd: A con t inuous  se r ies  
of  s o l i d  s o l u t i o n s  i s  formed ( I r -Pd  has n o t  y e t  been s t u d i e d ;  how- 
e v e r ,  they  l i k e l y  make an unbroken se r ies  of  s o l i d  s o l u t i o n s  s i n c e  
b o t h  have f a c e  c e n t e r e d  c u b i c  s t r u c t u r e  and v e r y  s imi l a r  l a t t i c e  
parameters .  ) 
t u r e s  i n  some c o n c e n t r a t i o n  r a n g e s .  

Cu and Fe have o r d e r e d  s t r u c t u r e s  a t  lower  tempera-  

Pd-Li, Pd-Th: Not known 

Pd-Mg: 
c r e a s e d  by adding  Pd because of  an increment  of  t he  a pa rame te r  o f  
Mg, a l though  t h e  a tomic  r a d i u s  of  Pd i s  smaller t h a n  t h a t  o f  Mg. 

The c/a r a t i o  of  t he  Mg hexagonal  l a t t i c e  i s  s l i g h t l y  de- 

Pd-Sn: S e v e r a l  i n t e r m e t a l l i c  com ounds,  i n c l u d i n g  a p a r t i a l l y  
f i l l e d  A s - N i  s t r u c t u r e  a t  around fl0 atomic-$ Sn. The s o l i d  s o l u -  
b i l i t y  of Sn i n  Pd ( a  phase)  was e s t i m a t e d  t o  be about  9 .5  atomic-  
% Sn. 

Pd-Ru: Cannot form a con t inuous  s e r i e s  of  s o l i d  s o l u t i o n s  because  
of  d i f f e r e n t  l a t t i c e  s t r u c t u r e .  Otherwise, n o t  w e l l  known. 

Pd-A1: Not ve ry  wel l  i n v e s t i g a t e d .  However, t h r e e  i n t e r m e t a l l i c  
compounds a r e  known. There i s  a lmost  no s o l u b i l i t y  of  Pd i n  t h e  
Al - r i ch  range,  and Pd forms a s o l i d  s o l u t i o n  a t  about  25 atomic-$ 
Pd. 

Pd-Ti: Form s e v e r a l  i n t e r m e d i a t e  p h a s e s .  

Pd-Zr: P re l imina ry  expe r imen t s  showed t h a t  t h e  l a t t i c e  of  Pd i s  
expanded by Zr. 

B. PREPARATION OF ALLOY FOILS 

The a l l o y i n g  .of a l l  e l emen t s  except  L i  w i t h  Pd f o i l s  c o n s i s t e d  o f  
t h e  f o l l o w i n g  s t e p s :  

(1) 

( 2 )  

( 3 )  

Degreasing w i t h  t r i c h l o r o e t h y l e n e  and a c e t o n e .  

Chemical c l e a n i n g  w i t h  w a r m  chromic a c i d  c l e a n i n g  s o l u t i o n .  

P l a t i n g  of  a l l o y i n g  metal  by e l e c t r o l y s i s  or by vacuum evapor-  
a t  ion .  

(4) D i f f u s i n g  i n t o  t he  Pd s u r f a c e  by h e a t i n g  f o r  two hour s  a t  
850°C i n  an a rgon  atmosphere.  
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(5)  Ox id iz ing  i n  a i r  f o r  two hours a t  650"c. 

P l a t i n g  c o n d i t i o n s  f o r  metal  d e p o s i t i o n  are summarized i n  Tab le  A - 1 .  
The p l a t i n g  t i m e  was s u f f i c i e n t  t o  d e p o s i t  approximate ly  5 mg/cm* 
of metal  i n  each c a s e ,  s o  t ha t  i f  a l l  m e t a l  d i f f u s e d  i n t o  t h e  s u r -  
f a c e ,  t h e  f o i l  con ta ined  approximately lO$ of t h e  metal .  

Li thium was d e p o s i t e d  as LiO by  h e a t i n g  the  f o i l  i n  argon f o r  two 
hours  a t  850°c, t h e n  i n  a i r  f o r  one hour  a t  700°C. 
t h e n  d ipped  i n t o  s a t u r a t e d  Li2CO3 s o l u t i o n ,  d r i e d  i n  a i r ,  and 
heated i n  a i r  f o r  t e n  minutes  a t  700°C. 
s o l u t i o n  was r e p e a t e d  th ree  times. 

The f o i l  was 

The t r e a t m e n t  w i t h  Li2C03 

Other metals,  Mg, T i ,  Zr, Th, Z r - N i ,  and N i - C r ,  a re  be ing  d e p o s i t e d  
on pa l l ad ium f o i l  by vacuum evapora t ion* .  Because o f  t h e  n a t u r e  
of t h e  e v a p o r a t i o n  method, t h e  amount of  these m e t a l s  and a l l o y s  
were ve ry  small .  After f o u r  to t e n  c y c l e s  of metal  e v a p o r a t i o n ,  
t he  weight i n c r e a s e  of  t h e  f o i l  was 0.01 to 0.1 mg/cm2.  

c . ELECTRON MICRO-PROBE ANALYSES (REF. ig ) 

Some r e c o r d i n g  c h a r t s  of e l e c t r o n  micro-probe a n a l y s e s  o f  p a r t i -  
c u l a r  i n t e r e s t  f o r  c h a r a c t e r i z i n g  a l l o y e d  and heat t reated Pd 
f o i l s  a r e  shown i n  t h i s  s e c t i o n  ( F i g u r e s  A - 1  t o  A - 8 ) .  S i n c e  t h e  
t h i n  f o i l s  were mounted i n  t h e  sample h o l d e r s  a t  v a r i o u s  a n g l e s  
w i t h  t h e  f a c e  of t h e  h o l d e r ,  t h e  c r o s s  s e c t i o n a l  t r u e  d i s t a n c e  of  
t h e  f o i l  i s  shown on t h e  c h a r t s  as  a micron (p) s c a l e ,  The d i g i t  
"0" a t  t h e  bot tom of an arrow i n d i c a t i n g  t h e  c o n c e n t r a t i o n  o f  each 
element i n d i c a t e s  t h e  ground l e v e l  f o r  each measurement. The con- 
c e n t r a t i o n  of Pd can be read downward from the  t o p  edge, and the  
c o n c e n t r a t i o n s  of p l a t e d  metals can be  read upward from t h e  bottom 
edge i n  these  f i g u r e s .  The m i d d l e  l i n e s  i n  t h e  f i g u r e s  i n d i c a t e  
t h e  t o t a l  i n t e n s i t y  of  t h e  count ing.  
c r y s t a l s  were used f o r  t h e  ana lyses ,  and s i n c e  t h e  cu rves  were 
r eco rded  on v a r i o u s  coun t ing  s c a l e s ,  metal c o n c e n t r a t i o n s  as i n d i -  
cated by these c u r v e s  cannot  be d i r e c t l y  compared. On each  f i g -  
u r e ,  t he  approximate s c a l e  for t he  c o n c e n t r a t i o n  of each element  
and t h e  o r i g i n a l  i n t e r f a c e  between t h e  f o i l  and t h e  p l a t e d  l a y e r  
are i n d i c a t e d .  

S i n c e  v a r i o u s  a n a l y z i n g  

The f o l l o w i n g  a n a l y z i n g  c r y s t a l s  were used  f o r  e a c h  e lement :  

Mica - Pd, R h ,  and Ru 
LiF - P t  
Q u a r t z -  N i ,  Co, and Fe 

* Model JEE-4V Vacuum Evaporator ,  Japan E l e c t r o n  O p t i c s  Labora to ry ,  
Japan .  

77 

0 MONSANTO RESEARCH CORPORATION 0 



Metal 

Ag 

cu  

N i  

Fe 

co 

s u  

P t  

Ir* 

Rh 

Ru 

T a b l e  A - 1  

CONDITIONS FOR ELECTRO-PLATING Pd-25$ Ag ELECTRODES 

S o l u t i o n  

AgNO3: 40 g/l 
"0s: 4 g / l ,  
NaN03: 75 g/L 

FeC12.4HzO: 24  g/i? 
KC1:  180 g /a  

SnclZ.2H20: 3 g/t 
NaOH: 100 g/l 

H 2 1 r C l e :  4 . 1  g/l 

C u r r e n t  
D e n s i t y  

Approximate pH ma/c m2 Tempera ture  

15 40°C 

6.0 

5.5 

5.5 

90 

45 

25 

50 

50 

30 

50 

300 

300 

R.T.+ 

R.T. 

R.T. 

R.T. 

R.T. 

R.T. 

R.T. 

R.T. 

RiT. 

- 
*Before  e l e c t r o p l a t i n g ,  the Pd-25$ Ag f o i l  was t r e a t e d  t o  o b t a i n  a n  a d h e r e n t  Ir b l a c k  p l a t i n g .  
The foil was d ipped  i n t o  s a t u r a t e d  i r i d i u m  c h l o r i d e  s o l u t i o n  and h e a t e d  I n  a g a s  f l a m e  t o  
y e l l o w  h e a t .  T h i s  t r e a t m e n t  was r e p e a t e d  t h r e e  times. + RT = Room Tempera ture  
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F i g u r e  A-1. Cross s e c t i o n  of  t h e  d i f f u s i o n  l a y e r  o f  P t  i n t o  
Pd-25$ A 
a t  850°C7 . 
i n d i c a t e  t h e  powdery P t  d e p o s i t .  

( d i f f u s i o n  t r e a t m e n t  i n  a rgon  f o r  2 h r  
Maximum p o i n t s  on b o t h  c o n c e n t r a t i o n s  
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F i g u r e  A - 2 .  Cross s e c t i o n  of t h e  d i f f u s i o n  l a y e r  of  R h  i n t o  
Pd-25oAg ( d i f f u s i o n  t r e a t m e n t  i n  a rgon  f o r  2 h r  
a t  850"~). 
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F i g u r e  A - 3 .  Cross s e c t i o n  of d i f f u s i o n  l a y e r  of N i  i n t o  
Pd-2sAg  ( d i f f u s i o n  t r e a t m e n t  i n  a rgon  f o r  2 h r  
a t  8 5 0 " ~ ) .  A sma l l  v a l l e y  on the  Pd cu rve  i n d i c a t e s  
a heavy d i f f u s i o n  of n i c k e l  a t  t h e  pa l l ad ium g r a i n  
boundary. 

81 

0 MONSANTO RESEARCH CORPORATION 0 



1 0 0  

75 

9R 

h 
5 50 
rl 
4 

CI 
0 

+, 

P 
0 
u 

2 25 

0 

6 4 2  a 10 10 a 4 6 8  
m i c r o n s  1 m:cro:s m:crotts 1 i i c r o n s  

& P l a t e d  O r i g i n a l  F o i l  P l a t e d l  
Laye r  Laye r  

F i g u r e  A-4. Cross s e c t i o n  of Pd-25oAg f o i l  a l l o y e d  w i t h  Co by 
d i f f u s i o n  t r e a t m e n t  i n  a rgon  f o r  2 hr a t  8 5 0 " ~ .  

25 

50 

75 

8 2  

0 MONSANTO RESEARCH CORPORATION 0 

~~ ~ 



25 

I ’  

100 

+ Plated Layer Original  F O I ~  

F i g u r e  A - 5 .  Cross  s e c t i o n  of the  d i f f u s i o n  l a y e r  between Ru 
and Pd-25$Ag ( d i f f u s i o n  t r e a t m e n t  i n  a rgon  f o r  
2 hours a t  850°C). 
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F i g u r e  A-6. Cross  s e c t i o n  of Pd-256Ag f o i l  d i f f u s e d  th rough  
by Fe p l a t e d  on one s i d e  ( d i f f u s i o n  t r e a t m e n t  i n  
argon f o r  2 hours  at 850°C ) . 
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F i g u r e  A-7. Cross  s e c t i o n  of  d i f f u s i o n  l a y e r  between T i  and  
Pd-25% A 
a t  8 5 O 0 C 7 .  

( d i f f u s i o n  t r e a t m e n t  i n  a rgon  f o r  2 h r  
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F i g u r e  A - 8 .  Cross s e c t i o n  of Pd-25$Ag f o i l  p l a t e d  w i t h  N i  
(no d i f f u s i o n  t r e a t m e n t ,  o x i d a t i o n  i n  a i r  for 
2 h r  a t  '700°C).  
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